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PROJECT NEOS

A GENERAL STUDY OF PROCESSES FOR THE
REALIZATION OF DESIGN CONFIGURATIONS IN MATERIALS

Paul Rosenthal

Cornell Acronautical Laboratory

Studies were ¢continued within the framework of process elements
cstablished at the outset of the project and reported in the first interim
report., Highlights are: (l) the concept of "embrittlement machining"
based on one or more of several matérial cmbrittlement mechanisms
discussed in the report and (2) recommendations for experimental inves-
tigation of surface hardening, oxidation retardation, and embrittlement of

materials by ion bombardment. -

In the section én energy considerations, the roie of electric and
magnetic fields as primary and as auxiliary energy sourccs is explored;
to support the assessment of new and established applications, calculations
of the forces, stresses, and energy and power densities are made. IBlectron,
ion, and laser beams are compared, and their potential roles in material
removal and material addition process are discussed. The mechanism by
which electron beams penetrate materials and the power densities that are
achievable are treated at some length. Experiments for exploring the

corresponding characteristics of laser beams are recommended.

The embrittlement mechanisins mentioned above are evaluated system-
atically as part of the search for material modifications that can enhance
material removal, addition, and displacement operations, Combination
of the energy and material studies resulted in recommendations for ion

bombardment experiments.

The effect of strain rate and temperature on material properties is

investigated as part of the consideration of environmental effects in
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manufacturing processes. The magnitude of strain rates in several manu-
facturing processes is calculated, and the concept of strain acceleration is
cxplored. Dislocation behavior associated with strain is discussed in the

continuing study.

Direct deposition processes, constituting one large class of material
addition processes, are classified, and achievable mechanical properties
and prospects of configuration control are discussed. Deformation processes,
another large class in the process topology, are treated from the point of
view of dislocation theory. A summary report that will be followed by a

detailed development of theory and engineering applications is presented,

Finally, an approach to process synthesis is outlined and related to

immediate and long-range Air Force needs.
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FOREWORD

This inte1im report covers the work performed under Contract AF 33(600)-
42921 from 3 April 1962 to 3 November 1962. It is published for technical
information only and does not necessarily represent the recommendations,

conclusions, or approval of the Air Force.

The coniract with the Cornell Aeronautical Laboratory, Inc., Buffalo 21,
New York, was initiated under ASD Project NR 7-867, "A General Study of
Processes for the Realization of Design Configuration in Materials." It is
administered under the direction of Mr. W. M, Webster, ASRCTF, Manufac-
turing Technology Laboratory, Aeronautical Systems Division, Air Force
Systems Command, United States Air Force, Wright-Patterson Air Force

Base, Ohio.

Mr. Paul Rosenthal, Head of the Mechanical Engineering Section of the
Laboratory's Applied Physics Department, is the project engineer. Others

who cooperated in the research and in the preparation of the report were.

Mr. H.T. McAdams, Principal Physicist, Mr. W.R. Brown, Dr. N.S. Eiss

and Mr. J.D, Myers of the Cornell Aeronautical Laboratory. The following
persons participated as consultants to the project: Professor N, H, Cook of
MIT, Professors H.H, Johnson and W, Pentland of Cornell University, and

Professor B.I', von Turkovich, University of Illinois,

The primary objective of the Air Force Manufacturing Methods Program
is to increase producibilily and improve the quality and efficiency of fabrication
of aircraft, missiles, and components thereof. This report is being disserni-
nated so that those interested in the development of new manufacturing pro-
cesses, the goal of the program, may participate in its prog-ress from the

outset.

Your comments are solicited on the potential use of the information
contained hercin as applicd to your prescnt or future production programs.
Suggestions concerning your requirements for manufacturing methods develop-

ment will be appreciated,
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James W, Ford, Head
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1. INTRODUCTION

Under Contract No, AF 33{600)-42921 for the Air Force Aeronautical
Syé*;elns Division {ASD Project NR 7-867), Cornell Aeronautical Laboratory,

"Inc., -is conducting Project NEOS, a systematic search to identify for further

development new manufacturing processes.

Many of the unconventional approaches to mamxfacturing methods have
arisen bn an ad .1'19_2 basis, i.e., they have been addressed to producibility
problems associated with specific materials in specific aerospace systé—jm s.
As a result, there is an undesirable time lag in the development of manufac-.
turing methods applicable to new materials. Project NEOS is aiz;ned at

eliminating this time lag by a systematic search for principlés capable of

leading to order-of-magnitude improvements in manufacturing processes,

To admiit unconventicnal procedures, the definition of the term "manu-

facturing process' must be broadened to include the entire train of events

from the time a material comes into being as a distinct substanc.e until that
substance is made to assumec a desired configuration, Ccnsequently, the
project has as its objective an investigation of engincering materials at
atomic, molecular, or other suitable levels and a determinarion of the kinds
and magnitudes of energies required to produce useful configura.tiohs with

acceptable properties and tolerances.

Several aspects of the manufacturing process are of interest: (1) the

characteristics of the energy employed in transforming the material into.

. the desired configuration; (2) the material from which the configuration is

to be realized; (3) the environment required for the transformation to be
effective, and (4} the means by which energy is applied to the material under
adequate control for the process. In accordance with the systematic approach

taken for the entire study, the main hody of cur report summarizes our program

~in each of the above categories in Sections 2to 5. This surnmary is then followed

by our approach to Synthesis, Section 6. Details of our studies are dex-mloped

in separate Appendices, A to Q.

1 NM-1559-P-3
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¢, ENERGY CONSIDERATIONS -

Energy can affect matter either by changing its outward form or by

- modifying its physical properties. Both of these effects have potential for

use in manufacturing processes. The followmg sections deal with the energy

"of electric and magnetic fields, of beams of free particles such as electrons

. and ions, and of certain forms of electromagnetic radiation.

2.1 Electric and Magnetic Field Effects

The strength of an electric field between two pole pieces is

- determined by the total flux and by the shape of the electrodes. High field

strengths are obtained where the flux lines are closest together, namely
near surfaces having small radii of curvature. When a material is placed

in the field between the electrode -, the stresscs in the body can be deduced

from a field map. If the space between the electrodes is filled with a fluid

-dielectric and if the field is sufficiently high, dielectric breakdown occurs.

It is this effect which initiates the work cycle in electric discharge machining.

Whereas high electric fields are characterized by the phenomenon
of ‘dielectric breakdown, a disruption of matter, there seems to be no parallel
phenomenon in magnetic fields. Consequently, higher volume energy densities
are obtainable in magnetic than in electric fields., Therefore, it appecars that
magnetic fields are more applicable for producing large forces in large bodies
and that electric fields are more applicable for precisely regulated opera-
tions on small bodies. It should not be overlocked, 'however, that by a suitable
coupling‘device the energy of an electric discharge can be distributed over a

large area. Electrohydraulic forming affords a well-knewn example.

2. 1.1 Control of Field Shape

The establishment of a field depends, practically speaking,
on the establishment of equi-potential surfaces of specified gecometry. Thesc
surfaces are on conducting materials for electric fields and on ferromagnetic

surfaces for magnetic fields. Since relative resistivity has a much wider

3. NM-15590-12-2
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range (10(?/]0-()) than permeability (5000/1) an electric field can be shaped
more precisely than a magnetic field. The stresses developed in matter by
electric and mégnetjc fields, and the energy and poWer densities capable of
being realized, can be calculated from classical theery. In Appendix A
-the applicable theory is formulated and applied to typical manufacturing
problems,r and factors influencing the coupling of {ield energy to the work-

piece are discussed.

To date most processes bascd on the cnergy of clcctric
and magnetic fields have exploited the field energy as a primary energy
source. Common characteristics of such processes are their peak power
density, and the fact that energy densities produced in the workpiece are
sulficient to produce failure in some sense. More subtle prospects for the
use of field energy reside in its synergistic possibilities. In this mode of
. use, the energy of electric or magnetic ficlds affccts the process primarily
by modifying the physical characteristics of the material involved in the
process, Thus the field energy cooperates with a primary source of ené'r"gy

in bringing about a change in material configuration.

2.1.2  Syncrgistic Possibilities

A systematic study of the prospects for using secondary
effects of electric or magnetic energy in cooperation with other forms of
-en..crgy to produce changes in material configuration is under way. The

ceffect of electric fields on the yield strength and ductility of ionic crystals,

as previously reported (1), is an example of the type of phenomenon presently

~under sﬁudy:

The polarization of materials by electric or magnetic
fields is .of two types. If the domains, crystallites, or molecules of a
"substance have an inherent moment, they change orientation in an applicd
field. If the particles do not have an inherent moment, they are clongated
in the direction of the field. The force supplied by the field is opposed by
inherent microscopic forces in the material. ‘Thus it is possible that a

material subjected to alternating fields, by virtue of its state of agitation,

4 NM-1559-P-3
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might be displaced by smaller applied mechanical forces than when no electric
or magnetic field is applied. Further discussion of the effect of & modulated

magnetic field on dislocation mobility is contained in Appendix G.

Since only very weak electric fields can exist in conducting
bodies, electric field effects would be expected only in dielectric materials,
Since many dielectrics of commercial importance are hard, refractory, and
difficult to machine, any effect which facilitates deformation of the material
would be useful. Consequently, experiments aimed at isolating such cifccts

are warranted.

Magnetic polarization is very weak except in materials
such as the alloys of iron, cobalt, and nickel, and in certain ferrite bodies,
It is considered worthwhile to explore the effect of alternating magnetic
fields on the workability of such materials, Any useful efiects are expected
to occur at frequencies in the audio or ultrasonic range, since skin effect at

higher frequencies tends to shield the interior of the body.

Because of the lack of applicable theory in many of the
areas of interest, a systematic search to discover the existence of useful
synergistic effects must rely on a combination of thenretical and experi-
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evident by advances in such areas as ultra-high-strength magnetic fields,
superconductivity, very high voltage sources, high power ultrasonic genera-

tors, plasma jets, and cryogenic techniques.

2.2 Electron, lon, and Laser Beams

Electron, ion, and laser beams are relative newcomers to manu-
facturing technology, and their various fields of application have not been
fully realized. In Appendix B an attempt is made to assess their potential
roles on the basis of their physical characteristics for material removal and
material addition. Though material displcaement applications are not presently

evident, such possibilities are not precluded,

w
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The rnanner in which electron, ion and laser beams interact with
materials dictates to a considerable extent how these energy sources ave

applied in manufacturing processes.

Because of the increasing use of electron beams in cutting and
welding processes, the theory of these processes has received greatest
attention, Their penetration depth and power densities are discussed in

Appendix C.

The dominant mechanism by which energy transfer by electron
beams takes place is the same for all materials. Whenr—_hig'héve_locity
electrons impinge upon a materié.l, they suffer collisions and, in the
process, give up their kinetic energy to the material as heat, The shallow
penetration of electrons in most materials is the specific property of
electron beéms which enables them to perform many of their unique
functions, lknergy density in the surface of the target material very quickly
approaches the theoretical binding energy of the material. - For this reason,
electron beams have found ready 'appiication in cutting and welding processes.
In the-latter connection, it seems paradoxical that electron beams can make
welds with depths up to 1 inch although penetration depfhs arc less by per-

haps 3 orders of magnitude.

According to current thinking, material immediately in front of
the incident electrons is removed to allow for further electron penetration.
A possible mechanism for such removal is the vaporization of subsurface
areas and the consequent ejection of a stream of metal droplets {rom the
weld cavity, This view is supported by calculations, performed under
project NEOS and reported in Appendix C, in which the energy required to
vaporize completely the volume of material in the weld cavity appéai’s to be
greater than the amount of energy available from the electron beam. Certain -

paradcxical aspects of that finding require further examination.

For manufacturing purposes, electron beams have a number of

" advantages. High powers can be concentrated into small areas, and by

virtue of the fact that energy absorption is limited to a very small volume

7 in the vicinity of the incident beam, there is very little distortion from heating.

effects. The beam can be readily shaped and controlled and its use in.a pro-

grawumed manner is entirely feasible.

6 ' ‘NM-1559-P-3
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The mechénism by which a laser beam removes material is
yuile similar to that of an eleclron-beam. DBoth vaporize the material by
generating intense heat within the target area. Howevef, a laser beam
can expose the target area to high-energy densities for shorter periods
of time than can an electron beam. As a result, it has been reported that
laser beams can drill holes with practically no'c-xidation along the walls
of the rnachined areas regardless of the atmosphere. An experiment for
studying the effect of a ruby laser beam on engineering materials is planned

for execution during the next contract period.

Ion beams offer several advantages over electron beams for
certain applications - for example, material remeval and material modifica-
tion. An ion beam removes material by- sputtering rather than by vaporiza-
tion; consequently, heat conduction is not a problem as it is in electron beam
machining. Whereas an electron beam must he used in a pn]éed manner, an
ion beam could operate continuously. Further development of ion-beam
machining requires new ion-beam devices capable of generating beams of
sufficient power. The potential cffered by ion beams for material modifica-

tion is treated in Section 3. 2.

7 _ NM-1559-P-3



j: MATERIAL GONSIPERATIONS

Matevial properties need wot remalin unchianged duving a preocess: i s

cssential only that the material properties at the end of the process he con-
sistent with the use concepts. In fact, the process rawghs connrat g o,

of material modification, there being no appreciable change in configuration
involved. The anodic treatment of aluminum surfaces, for example, is a
case in point. In a broader sense, however, one may regard temporary
modification of material properties as a means for facilitating cutting,
joining, or deformation. Evidently, increasing either the ductility or the
brittleness of the material could have considerable benefit for a manu-
facturing process. During the period covered by this report, particular

attention was given to embrittling phenomena.

3.1 Material Modification by Embrittlement

Metals are known to be subject to embrittlement by several

- mechanisms. Several of these mechanisms and their relation to manu-

facturing processes are discussed below; a more exhaustive account is

. given in Ai)pendix E.

Some single-phase metals, such as beryllium, are extremely

brittle. Since chip formation in such materials is primarily a brittle

fracture process, extremely brittle single-phase metals can be easily

machined. The brittleness of beryllium is known to be due largely to the
fact that only one crystallographic system of easiest slip exists in the
hexagonalb beryllium crystal. Thus it appears that if slip could be limited
to one or two crystallographic planes, other metals or alloys might be
similarly embrittled with a co_rrespdnding beneficial effect on machining

performance.

Graphitic cast irons are examples of another class of easily
machined materials. Their good machinability is largely attributed to the
presence of discrete graphite flakes or nodules, which provide local stress
concentration and paths of éasy fracture, Thus the presence of a discrete

second phase presents another possibility for embrittlement.

9 NM-1559-P-3

Preceding Page Blank




Many forms of gaseous embrittlement are known, hydrogen
embrittlement being a well-known example. There appear to be at lecast
three different ways in which hydrogen may embrittle metals. In the first,
hydrogen is believed to react with a second phase at grain boundaries to

produce severe intergranular damage. In the second, hydride compounds

are formed internally, the result being essentially a second-phase embrittle-
ment, Finally, there is the form of hydrogen embrittlement known in the
titanium industry as low-strain~rate embrittlement, the mechanism of which

is somewhat controversial. In addition to hydrogen, various other gases can

produce embrittlement. For example, in some of the refractory metals,
oxygen is believed to diffuse into the grain boundaries and there form an
oxide of the parent metal. The result is an effect analogous to hydrogen

attack.

In addition to the internal embrittling effect of gases, there is a
type of surface embrittlement caused by stress in conjunction with the
presence on metal surfaces of certain gases and liquids. Here the mecha-
nism may be merely one of lowering the surface energy. The Griffith
criterion for crack propagation is that the crack will grow only so long as
the energy of the stress field around the growing crack exceeds the cnergy
of the new surf
encrgy would tend to foster crack growth. This type of embrittlement is
frequently involved in stress corrosion, an example being the cracking of

brasses in ammonia gas.

Other types of embrittlement include radiation embrittlement and .

low-temperature embrittlement. The bombardment of a material by
particles such as protons, deutrons, or alpha particles is known to produce
embrittlement, and body-centered cubic metals are known to undcrgo an

abrupt change from ductile to brittle behavior upon cooling.

In Appendix E the various embrittlement mechanisms described

above are compared with respect to their applicability to a machining process -

thus the term '"'embrittlement machining.'" The criteria on which this com-

parison is based are: (1) generality of application; (2) severity, or degree of

10 NM-1559-P-3
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embrittlement possible; (3) reversibility, or ease of recovery of toughness
after embrittlement; and {4) controllability, or ease with which the embrittle.-
ment can be confined to a limited region. Some types of hydrogen embrittle-
ment and liquid metal or other types of "environmental' embrittlement appear
promising., In view of the lack of complete understanding of either embrittle-
ment phenomena or machining mechanics, our studies must be supported’
heavily by experiments. Quite possibly a combination of two or more
embrittlement treatments applied simultanecusly might p.rove to be most

effective.

3.2  Surface Modificaﬁon by fon Beams

According to a recent report of the Méterials Advisory Board (2),
a definife need exists for novel approaches to surface conditioning processes.
In addition, the ability Lo modify material properties in a surfacc laycr of
materiél may afférd a means for facilitating material removal by, e, g., chip-

forming processes.

As a result of studies performed under project NEOS, it is
concluded that ion beams have considerable potential for surface modification
of materials. If the incident ions have sufficient energy, they will be incor-
porated into the surface layer of the target material. Thus high-encergy ion
beams conceivably could ellect significant changes in material properfies at
the surface of a workpiece.. Important classes of such modification are
surface hardening, oxidation retardation, and embrittlement., The hardening
mechanism could be of value in producing parts, sucl as bearings, in which
bardened surfaces are required. Oxidation retardation is required in parts
in which corrosion resistance is important. Both of these mechanisms are
aimed at producing a final desired material characteristic in the workpiece.
Embrittlement, on the other hand, would be most useful as an intermediate
mechanism {or facilitating a cutting operaticn. Since brittle failure charac-
teristically involves less energy than ductile failure, surface embrittlement

by ion beams could form the basis for an embrittlement machining process.

11 NM-1559-P-3



A general discussion of surface modification by ion beams is
given in Appendix D and further thoughts on embrittlement machining in
Appendix E. Commercially available and specially designed equipment
for ion beam experiments are being evaluated. The formulation of plans

for these experiments will follow.

12 NM-1559-P-3
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4, ENVIRONMENTAL CONSIDERATIONS

In the context of project NEOS, the distinction between the principal
energy applied to a material in a manufacturing process and the environment
interacting with the material and the principal energy is arbitrary. In the
previous reports, environment was defined as the set of all secondary or
contributing influences that interact with the principal fabricating energies
brought to bear on the material. In particular this definition includes the
effects of pressure, temperature, rate of energy application, electric and
magnetic fields, and polymorphic phase transitions, in addition to the process
atmosphere. Progress is reported below on a study, still in progress, of
the effect of strain rate on material properties and the applicability of these

effects to producibility improvement.

4.1 Effects of Strain Rate and Temperature on Material Properties

Considerable publicity is being given to the high-cenergy-rate forming
and machining processces which are being investigated and used to fabricate the
new high-strength, high-temperature-resistant materials. Most investigators
agrec that the important parameter in high-energy-rate processes is the strain
rate, The strain rate is determined by the material which is being processed.
The physical propertics of the material determine the speed at which stress
waves travel and the size of the speccimen determines the time required for the
siress wave to return to the point of loading. Thus a strain ratc which consti-
tutes an impact loading rate [or one matcrial may be only rapid loading for

another material.

Cottrell (3) illustrates the relation of rate of strain to material

properties as follows: ''.

. in materials we study there exist certain molecular
processes which serve as pacemakers against which the applied rate 6f strain

is to be compared, and ... when this ratc becomes large, measured against

one of these pacemakers, important changes- occur in the process of deformation.
This leads to a flexible classification of high and low rates of strain. For

example, when soft copper undergoes plastic slip as a result of explosive loading,
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the rate of strain ( ~~ 105/sec) may be described from the standpoint of this
molecular process as 'low.' But no matter how slowly a rod of cold glass is
bent to fracture, the rate of strain remains 'high' in the sense that the deforma-
tion takes place too quickly to permit plastic flow to occur. So-called 'elastic'
solids are in fact those for which conventional rates of strain are too high for

plastic flow. "

Increasing strain rate and decreasing temperature have qualitatively
similar effects on mechanical properties of metals such as ultimate strength
of flow. Because of this similarity, single-valued relations between the two
have been proposed by various investigators. For steel in the vicinity of room
temperature, a decrease of 110 degrees in testing temperature F is appfoxi—

mately equivalent to increasing the strain rate by a factor of 1000.

Tcemperature affects the mechanical properties of a metal in two
ways: (1) by modifying the structure of the metal and (2) by controlling the
extent to which the several possible modes of deformation will be operative.
At low temperatures brittle-type failure is common; at high tetnpreratures

crcep predominates. For some metals, such as low-carbon steel and

molybdenum (0.5 percent Ti), the transition from brittle to ductile behavier
o . mm o wmonoaamr amem e mozzs drm e o amn da s g mam e o PR 1 RS A I P I 55 U | -
vLLurL > Uvelr A VCL)I 1a L LOW !—Ullll)".l.d.bu.l > J.d,.llb‘- CaRLLITU LIIC LI AllSLLLIOIL LGl .ll.)UJ.d.laLLJ.\z

rangc. Increasing the strain rate causes the transition temperaturc to rise.
In the transition temperature range some structural change in the matcrial
occurs such that the high-temperature structure has a greater number of slip
planes than the low-temperature structurc., The high strain rates inhibit the
structural change in some manner which results in a rise in the temperature
at which the structural change occurs. The interaction of strain rate and the
structural changes can be further investigated through solid-state physics

1.heory.l

The brittle-ductile transition range is normally measured by the

energy required to fracture a specimen as a function of temperature. We have

lEfforts in that direction are discussed in Appendix G.
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alrcady noted that increasing of strain rates causes a decrease in the enerpy
required to fracture. "Another material property closely related to the. energy
rcequired to fracture is the toughness of the material. W.W. Wood (4) has
postulated that as the strain rate is increased, the toughness of the material
reaches a maximum and then decreases. He then says that for high-velocity
forming techniques, the material has to have high toughness, and the strain
rate that gives maximum toughness for the material should be selected. He
also postulates a similar relation between temperature and toughness and
indicates that there is an optimum temperature for maximum material
toughness. It must be emphasized that Wood's statements are based on
qualitative stress-strain curves. An experimental follow-up that would yield

quantitative data appears worthwhile,

When the above strain-rate effects are examined for pertinence to
our producibility concepts, the one effect which seems to hold the most
promise is the effect of strain rate on the brittle-ductile transition tempera-
ture. We have already determined that for metal displacernenf operations a
material should be ductile, whereas for metal removal operaticns it should
be brittle., Hence, by manipulation of strajn rates and tempecratures, it
should be possible to con

exhibit these two properties to best enhance the process being used.

A limited search for data on the cffects of strain rate on material
properiics revealed that in most cases order-of-magnitude changes in ductility,
yicld strength, ultimate strength, and toughness have not been observed. Data
on both ferrous and nonferrous alloys indicated that increasing the strain rate
from 10—4/sec (static tests) to 104/sec (impact tests) for temperatures well
below the melting pointincreased the yield strength of the materials by a factor
of three at most. Though order-of-magnitude improvements in producibility
through manipulation of the strain rate are not to be expected, apprcciable

improvements are possible for some materials.

4.2 Strain Rates in Various Processcs
*

One common misceonception about the high-energy-rate processesis

that the strain rates produced are so high that a substantial modification in the
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properties of the material occurs. However, calculations of strain rates
show that, while they exceed those in many deformation processes, they are
about as large as those in metal cutting and much less than those in grinding.

Estimates of strain rates in some processes are given below,

Strain rate in metal cutting operations has been estimated by
several investigators who made different assumptions about the thickness
and shape of the sheared layer of metal. All the estimated strain rates are

of the same order of magnitude; only one such calculation is given here.

Drucker (5) defined strain rate as strain divided by the time

required to traverse the shear zone,
. €
€ = -
t

Ay/V' = Ay/V siné

il

where t
V = cutting velocity
Ay = mean value of spacing for succcssive slip planes.
@ = shear anglc
Drucker cstimates that the thickness of the shear zone is at most 1/20 the depth
of cut. Assuming V = 200 ft/min, & = 15°, depth of cut = 0,01 in,, and strain
€ = 2, hc calculates the strain ratc to be 4 x 104/sec.

In grirding operations the depth of cut is normally an order of
magnitude less than in other metal-cutting operations. If we assume that the
thickncss of the sheared layer is unaffected by the depth of cut, unlil they arc
both the same order of magnilude, then we can estimate that the thickness of
the sheared layer in grinding would be about equal to that in mctal cutting.
However, grinding speeds (ranging from 1000 to 10,000 sfpm} are one to two
orders of magnilude higher than in metal cutting. Strain rates in grinding

would therefore be lO5 to 106/serc.

In both grinding and metal cutting the temperaturcs at the cutting

interface are high, especially for heavy cuts and high speed. Since, as we

16 NM-1559-P-3
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have noted, increasing temperature and decreasing strain rate have the same
effect on material properties, the temperature rise during cutting counteracts
the benefit from the high strain rates. Thus, in first approximation the
matcrial in these operations is assumed to behave according to its room-
temperature, static stress-strain curve. Attempts have bcen made to exploit
the strain rate effect on material properties by cooling the tool and workpiece
to subzero temperatures during machining to keep the rise in temperature
from canceling the strain-rate effects. The beneficial increase in tool life

in subzero machining experiments may be attributed to either the lower
energy required for machining or to the decreased wear of the tool at the

lower temperature.

Strain rates in materials subjected to shock waves such as those
produced by explosives have been estimated by calculating the strain and
dividing by the rise time of the shock wave. The strain was calculated by
assuming that as a longitudinal shock wave passed through a rectangular
element of the material, the clement suffered a coniraction in the direction
of the shock and that the other dimensions remained unchanged. The strain

accompanying this dimension change can be related to the change in density

o)

{

£ the material by the following expression:

where 0, is the initial density and p is the density of shocked material,
Typical strain rates reported are given in Table 1.
TABLE 1
DYNAMIC PROPERTIES OF METALS SUBJECTED TO SHOCK WAVES (6)

Material Ratio of Dynamic- Strain Kate
to-Static Yield -
SAE 1020 Steel 2.6 NETE
Mild Steel 2.9 > 2 x 104
SAE 1040 Steel 1.8 > 2.4%10°
2024-T4 Al .96 > 6 x 107
2024-T4 Al .45 > 7x10°
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From the above data we can see that strain rates computed for
metal cutting and some explosive loading conditions are comparable in
magnitude. The nature of the strain is not the same in each case. In mctal
cutting the strain is a shear strain, whereas the strain in the calculations
of the strain rate in shock waves is compressive. The relation of these
different strains and strain rates to material properties must be understood
so that valid comparisons can be made between strain rates in different

processes. Continuation of our investigation is planned.

4.3 Dislocation Concepts and Strain Rate

Considerable data exist on the effect of strain rafe on the macro-
scopic properties of the materials. Much less is known on the microscopic
scale. One approach to a more basic understanding of the strain rate phe-
nomena is through dislocation theory. In this context, strain rate can be

approximated by the following equation:

€ = Lb v
where [ = number density of moving dislocations
b/ = Burgers vector magnitude, a material constant
v, = dislocation velocity

The maximum theoretically possible strain rate depends on the maximum
number density of dislocations and the maximum velocity of the dislocations.
For a number density of 10] z/cmz, Burgers vector magnitude of 10"8 cm,
and a dislocation velocily equal to the velocity of the shear-wave velocity in
the material, 105cm/sec, thie maximum theoretical strain rate is 109/sec.
Actually, such a rate is unobtainable owing to the phenomenon of dislocation

annihilation which occurs for high densities.

Most investigators believe that dislocation velocity is limited to
the velocity of the shear-wave vclocity in the material. Dislocations moving

faster than the shear-wave velocity have not been observed. Nevertheless,
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the possibility of the existence of dislocations, the propagation of which
proceeds with velocities greater than that of the shear wave in the material

is held out by a few investigators.

Eshelby (7) envisioned the supersonically propagated dislocation
as a portion of a cryétal in which the atoms immediately above and below
the slip plane are in a state of complete misfit. The passage of the disloca-
tion restores the proper fit. How this type of dislocation moved "super-

sonically' is best illustrated in the sketch below.

- A 8
. — s /

PERFECT FIT COMPLETE MISFIT
{b) NARROW WIDE
DISLOCATION DISLOCATION

—h -
00— EEE B SV e

Figure 1 DISLOCATION MOVEMER

If the block of atoins between A and B in Figure la drops into perfect fit
simultaneously, thc dislocation at A appears to move to B infinitcly fast.
Thus, any "apparent” dislocation velocity is possible depending on the rate

at which the misfit atoms move into perfect fit. In Figure 1L, a conventional
subsonic dislocation movement is illustrated and we see that the supersonically
propagated dislocation could be considered as a special case of a dislocation
with a wide core where the core is defined as the region in which the atoms

lic in the middle half {from 1/4 to 3/4b) of their total slip displacement b.

~In the supersonically propagated dislocation, the region from A to B could

be considercd the dislocation core in which all atoms are slipped 1/2 b, The
movement of the block of atoms A to B into complete fit is a gross slip type

of movement from a half-slipped position.
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If dislocations can indeed propagatle supersonically, then their
relative importance in macroscopic phenomena must be asscssced. Super -
sonically propagated dislocations must move on planes in the crystal which
give up energy to the dislocations. These planes, such as those where there
is a complete misfit of atoms across the plane, are few in number compared
Lo the possible planes on which dislocations can move subsonically. Thus,
the number of supersonically propagated dislocations would be small. It is
possible, however, that, under unusual situations such as in shock waves,
conditions would favor supersonic propagation of dislocations, and hence
this mode would assume some importance. Further development of disloca-

tion theory as it relates to strain rates will be followed closely.

4.4 Strain Acceleration

In the high-energy-rate processes where the shock waves pass
in microseconds, it has been suggested that the rate of change of the strain
rate, or strain acceleration, and its effect on the material properties might
be important. If we consider strain as a manifestation of dislocation move-
ment as discussed above, then we must also consider the acceleration of

dislocations.

Campbell et al. (8) demonstrated that because of their extremely
small inertias, dislocations achieve their maximum limiting velocities in
about 5 x 10—10 scc. At this fime the cstimated plastic strain in a crystal
containing the wsual number of dislocations is about 0.3 percent. Materials
loaded by shock waves are subjected to different conditions than thosc provided
by the impact tests. Smith (9) estimates the shock {ront thickness at no more
than 10_3 cm., At a wave velocity of 5 mm/ u sec, the required density change
must occur in 10“9 sec. This timec is of the same order of magnitude required
for dislocations to accelerate to their maximum velocity so that the influence

of the strain accelceration on the resulting material behavior may be significant.

As a more complete understanding of the dislocation mechanisms
in material deformation is obtained, we will be better able to assess the

importance of strain-rate control as a means of improving producibility, The
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most promising area is the understanding of the high-rate deformation
processes for which dislocalion theory has not been developed. As the
theory evolves, it may point the way to areas where significant changes

in producibility can be obtained,
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5. TOFPOLOCICAL CONSIDERATIONS

Manufacturing processes can be classified according to the sequence

of configurational changes which a material undergoes during the manu-

facturing operation.

In essence, this sequence of events can consist either

of adding, removing, or relocating material, as indicated schematically

in Table 2. For purposes of process generalization, it is appropriate to

consider either the various topologies applicable to particular energy

sources, or to consider the various energy sources amenable to particular

topologiés. The comparison of electron, ion, and laser beams in Appendix D

affords an example of the first approach. Appendix F, which presents a

broad survey of direct-deposition processes, is an example of the seccond.

TABLE 2
PROCESS TOPCLOGY

I Volume-Preserving Processes
1) Intensive Processes (Forginga)*
2) Extensive Processes (Castinga, Powder Mctallurgyb)
II Volume-Nonpreserving Processes
1) Material Removal
a) By Momentum Transfer (Ion-Beam Machininga,
Milling®)
b) By Vaporization (Electron-Beam Machininga,
Optical Masersb)
2) Material Addition
a) Discrete Joining (Solid State Bondinga’ b)
b) Continuous Joining {Crystal Growtha)

Superscripts a and b denote examples of each process as discussed

in the First and Second Interim Technical Report, respectively.
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5.1 Direct Deposition Processes

The types of structures produced by available direct-deposition
methods are discussed with respect to mechanical property and configwration
control factors. A survey of the kinetics of dircct-deposition processes, such
as crystal growth, is in progress and will be completed in the next contract
period. The survey is expected to provide insight for further application of

direct-deposition concepts.

Direclily deposited self-supporting structures and coatings arc
formed by continuously additive processes. The added units may be atoms,
molecules, droplets, or solid particles. Most direct-deposition methods
fall into five categories: (1) growth from melts; (2) growth from solutions;
(2) growth from vapors; {4) deposition from suspensions; and (5) hot

spraying,

Growth from melis includes any processes by which single or
polycrystalline materials are grown with the growth interface in contact with
molten matcrial of the same composition. Typical methods include pulling
a crystal out of the melt and the use ot a floating zone of melt held in placc
by surface tension.

- . 41
vl

P I Ay, | I o ot dan o . aa o~ lasiaxr
melts arc solutions since thexe is alw

Strictly speaking, all ays
some impurity present. Thercfore, onc can consider crystal growth from
cither the solvent or the solute phase. Thus, melt growth constitutes growth
of the solvent phase. Growth from solution, howevcer, is usually understood
to mean precipitation of the solute phase onto a sced crystal, Applicable
methods include cooling of super-saturated solutions, electrolytlic plating,

and catalytic reduction.

Growth from vapors is achieved by thermal evaporation in a vacuum
of a stream of atoms or molecules. The vapor is then caused to condense on
a cool surface. Processes involving the decomposition of a volalile compound
have been referred to as molecular forming processes,

Fine particles of solid materials suspended in liquids or gases can

be deposited in a controllable manner. Simple examples are spraying and
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dipping. By means of hot spraying, it is possible to propel molten droplets
of a solid material to a substratle surface.

An important consideration in direct-deposition processes, as it
is in all processes, is the type of material structure which can be obtained
by these methods. In many instances, these considcrations constitute scvere
limitations to the utilization of a given process. Further detatl on the types
of structure realizable by the various methods discussed above, as well as
control possibilities, are presented in Appendix F. Although process rates,
in many instances, appear to be limited, the actual worth of any process
must be evaluated from a broad base of criteria. As will become evident
in. Section 6, a low process rate may be tolerable if it is impossible to

produce the desired material structure by any other means.

5.2 Deformation Processecs

The need for understanding the plastic deformation of materials
on a microscopic scale was discussed in the First Interim Technical Report
{Section 6.1.2) and is again apparent from the investigation of strain-rate
effects discussed in Section 4 of this report. The current NEOS study has

nified statement of the

-t

heory of dislocations and point defecls.
The theory is then applied to deformation processes of interest. We believe

that the study, by opening up a new understanding of deformation behavior,

will provide new approaches in the search for possible manufacluring processes.

A summary of the effort is presented in Appendix G.
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4. EVALUATICN AND SYNTHESIS

Project effort thus far has been aimed primarily at identifying physical
phenomena which might be exploited in the development of novel processes.
Actual postulation of such processes, however, implies that thesc phenomena
be viewed in a new light relative to existing technology. Hence it becomes
more and more imperative to look toward the synthesis of process eclements
into novel combinations and in particular, to seek combinations which could
conceivably lead to order-of-magnitude improvements over the present state
of the art. Inasmuch as few, if any, existing processes are ''simple, " in that
they rely exclusively on a single physical principle, it becomes increasingly
necessary to consider energy forms, topologies, etc., in unfamiliar combina-
tions. Thus a sort of ''systems approach'' to manufacturing process develop-
ment is indicated. In such an approach, feasibility considerations must go
beyond single elements and must encompass complexes in which various

process elements combine to assist each other toward a workable process.

extent, on critical Air Force needs. Hence, efforts to formulate new
processes, to be most effective, must be directed toward those fabrication
problems which, at present and in the immediate future, tend to {rustrate

the aerospace research and development program.

In the following sections, an approach to process synthesis will be outlined

and discussed in relation to both immediate and protracted Air Force objectives.

6.1 Process Synthesis

In any manufacturing process, whether additive, subtractive, or
volume preserving, there is a change in material configuratior, this change
being brought about by an energy input from the environment to the workpicce

system. (See Figure 2.}
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EN ERGY /

ENVIRONMENT

WORKPIECE SYSTEM

\.

Flgure 2 RELATION OF WORKPIECE TO ENViRONMENT

Changes in material configuration can be considered at ecither
the microscopic or macroscopic level., By a microscopic change is meant

matcerial organization which does not affect the macroscopic shape of the

objcct under study but which may appreciably change overt material propertics.

In such transformations, internal elements of the material change relative
positions without changing the reclation of surface clements to a fixed point
inside the picce {sce Figure 3a)., Dy a macroscopic transformation, on the
oiher hand, is meant one which produces scnsiblc changes in configuraiion

as viewed from an external point (sce Figure 3b),

(b)

(a)
MICROSCOPIC CHANGES MACROSCOPIC CHANGE
Flgure 3 EFFECT QOF ENVIRONMENT ON WORKP!ECE SYSTEM
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During a change in configuration, energy is redistributed. Input
energy can be absorbed either intensively or extensively. Intensively absorbed
energy goes to produce material reorganization on only a microscopic level,
whereas energy absorbed extensively goes to produce geometric changes on a
macroscopic scale. Microscopic changes can be either desirable or undesirable,
in many cases, however, energy absorbed intensively produces such undesirable

effects as work hardening, which tends to limit further geometric deformation.

The partitioning of inpul energy into microscopic and macroscopic
energy-absorbing mechanisms can be controlled by controlling the form in
which energy is introduced intu the system. Thus, under suitable conditions
it should be possible to minimize material modification and maximize deforma-
tion or vice versa. Accordingly, it should be possible to realize varying degrees

of synergism in manufacturing processes,

Synergistic mechanisms are energy-exchange processes which in
some sense favorably affect the energy partition between microscopic and
macroscopic absorption. For example, dislocation mobility is a factor
affecting the absorption of energy by plastic deformation. Mcans of introducing
energy so as to increase mobility, therefore, should have a synergistic influence
on the fraction of input energy which can be utilized for deformation purposcs.
Consider, for example, the effect produced by heat in a forming operation.
Raising the temperature of the workpiece may reduce the flow stress by an
order of magnitude, with a consequent reduction in the amouui of mechanical
energy nceded to form the piece. Though it may be necessary Lo add a con-
siderable quantity of heat to raise the temperature of the picce, most of this
heat can be recovered upon cooling to the ambient temperature. Thus, from

the standpoint of energy balance, the use of heat energy to replace part of the

mechanical energy produces a highly synergistic effect.

Every crystalline solid material has a definite lattice encrgy, the
energy required to separate the ions of a crystal lo an infinite distance {rom
cach other. Hence, the energy required in the reorganization of a unit volume
of material to achicve a design configuration can be of an order of magnitude
no greater than the storage density of chemical energy, since such reorganiza-

lion requires the breaking of chemical bonds. If one pursues this argument,
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it is evident that energy densities exceeding the lattice energy of a crystal,
wherever and however realized, must cerlainly have potential for material
processing, provided, of course, that adequate control of the applied encrgy
can be realized. For example, in sufficiently high magnetic fields, materials
can be subjected to energy densities exceeding those realized in high explosives,

a fact which forms the basis for magnetic forming.

Energy concentrations equal to or exceeding the lattice energy are
sufficient to affect materials in a manner possibly favorable to process develop-
ment. However, such high concentrations of energy, at least in one particular
form, may not be necessary. As the energy density increases and approaches
the binding energy, the cohesiveness of the material must decrease accordingly,
though not necessarily in a regular or systematic way. Discrete steps, such
as phase changes, may occur, or there may be a gradual softening of the
material with increase in energy stored. Such effects as the latter may be

exploited by applying a second form of energy to achieve synergism.

For example, it was reported in the second interim report that the
yield strength of materials can be reduced by high clectric ficlds, and that the
cffect can not be attributed entirely to heating (10, 11). These obscrvations
suggest that the field must interact with the dislocations and point defects
important in plastic {low. Gilman and Stauff suggest that dislocations nucleated
in LiF crystals by electric fields result from the high mechanical stresses
induced by such fields (12). Also in this connection, Cooper and Wallace [ound
that, in experiments designcd to mcasure the clectric strength of KC1, errors
were introduced by strains resulting from the electric field., They further

noted a reclation between electric strength and the extent of work hardening (13).

Benefits which conceivably might arise from the use of a modulated
magnetic ficld in metal cutting are discussed in Appendix B. 1t is postulated
that by application of such a field it might be possible to enhance dislocation

mobility and thereby facilitate chip formation.

Various energy effects resulting from the combined action of two or
morce forms of energy on materials were discussed in a previous interim recport
on Project NEOS (14). Those effects, however, by no means exhaust the possi-
bilities expected to be disclosed in our systematic search for cooperative

mechanisms.,
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Though classification of forms of energy is to some extent arbitrary,
one recognizes at least mechanical, chemical, thermal, elecirical, and mayg-
netic energy as having specific and identifiable effects on materials. Though
these eifecls are interrelated in such a way that their complete separation
and isclation is never realized, each is subject to varying degrees of emphasis

in existing and proposed proccsses.

The manner in which these various [orms of energy are interrelated
can be illustrated as shown in Figurce 4, though a complete picture would
require visualization in five-dimensional space, In this figure, vertices
represent processes in which only one form of energy predominates. Edges
represent energy couples, such as are involved in, say, electromechanical,
thermoelectric, and mechano-chemical effects. Faces (triangles) and
tetrahedra represent situations in which, respectively, three or four forms
of energy cooperate. An example is found in strcss corrosion cracking, in
which electrochemical activity is accelerated by mechanical stress. Finally,
the entire configuration represents a situation in which all five forms of energy

are involved.

A microscopic characterization of intcractions among the various
forms of enerpy requires a field description of the phenomena involved.
With such field descriptions available, the evolving of new processes could
be reduced to the status of enginecring design. It is regarded as the objective
of this project to provide not only specific examples of ncw proccesses bul a

modus operandi for the evolution of new processcs as necds arisc.

The classic equations of Maxwell provide a characterization of
electric and magnetic fields and their inleraction. As shown in Appendix A,
these equations lead to a tensor formulation of mechanical forces duc to
electric and magnetic fields. Similarly it is possible fo discuss in field
concepts such galvanomagnetic, thermomagnetic, and magncto.resistive effects
as the Hall, Nernst, Righi-Leduc, and Eftinghausen effects (15). Dislocation
theory as discussed in Appendix G, provides a field description of stresses
and strains in matcrials, but further development is required to describe the

interaction of stress fields with electric and magnetic fields. Finally, further
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clarification of the role played by chemical reaction and how such reactions
respond to superimposed thermal, electrical, magnetic, and stress ficlds

is required. i

The exploitation of synergism may imply time sharing of two or
more forms of energy or perhaps of two or more entire sequences of opera-
tions or topologies. The time-sharing aspect is evident in such manufacturing
processes as metal processing. A forming operation predominantly effected
by mcchanical energy may be followed by annealing (thermal energy), and the
process may be repeated a number of times until the desired configuration and
material properties are achieved. In this case the period of the time-sharing
cycle is relatively long -- so long, in fact, that the time-sharing feature of
the process topology may not be specifically recognized. In the inierest of
generalization, however, one can conceive of processes in which the basic
cycle may be quite short, on the order of, say, milliseconds, and of conrse
in the limit onc could say the several forms of energy were applied simul-

tancously.

The possibility of short-period (high-frequency) time-sharing of
cnergy forms is suggested by such novel forms of energy as thosc supplied
by clectron becams, lascrs, and so on. By scanning and blanking techniques,
it is conceivable that very small parts of the workpiece could be sequenced
systematically through exposure to various forms of ecnergy in a programmed

manner to achicve a desired configuration.

For cxample, it is noted that electrophoretic deposition as a direct
transformation process is limited by the nced for isometric pressing and
sintering to consolidate the ""green' bedy. Suppose, however, that it were
possible to consolidate the body "continuously' during deposition. Such
consolidation might be achieved by consolidating one site while deposition
were occurring on another. For example, an electron or laser beam suitahly
programmed might systematically sweep the surface of the body and, by virtue
of the high local temperatures produced, liquefy the porous deposit and weld
it to the growing body. In the meantime, provided suitable sequencing could
be achieved, other sites might have a temperature and/or charge distribution

favorable to deposition. Even an additional form of energy, say mechanical
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cnergy, might be included in the sequence to remove from certain sites
deposils intentionally not consolidated into the configuration. Thus, onc
might combine both addition and subtraction into the same topology in a
manner advantageous to the process as a whole. The frequency limits of
time-sharing in the present state of the art can be inferred from such applica-
tions as radar and other data-processing systems, digital computers, and so
on. From this standpoint, cycle control in the order of microseconds is at

least conceivahle.

6.2 Air Force Requirements as a Guide to Synthesis

The worth of a proposcd new process may be regarded abstractly

as shown in Figure 5.

PROCESS
CAPABILITIES ALR FORCE
MISSION
REQUIREMENTS

| L1

.S

Figure 5 PROCESS AND MISSION DOMAINS

In this figure, the domain A reprcesents the collection of all design vectors X
L . .

and tolerance vectors %, capable of being realized by the process; the

domain B represents the collection of all design vectors X and tolerance

e
vectors .22, for which there is an Air Force requirement. The intersection
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{shaded area) of these two domains ir the region within which the process
has potential tor satisiying Air Force nceds, and it is within this framcwork
that the process must be evaluated by means of appropriate criteria. In
general, it is probable that one process will be better than another in some
respects and worse in others, and that a given system will be worthwhile for
cerfain applications but not for others. Evaluation must be based on a set
E of characteristics indices {el, € .er} where e, may be a cost
factor, e, may be a time factor, and ‘the remaining indices are factors
based on ;ther appropriate considerations, each appropriately weighted.

It should be noted, of course, that the region of usefulness of a process in
the ( X , 5 ) spacc might be as small as a single poirt. For example,
a process for drilling very small holes with close tolerances in a specific
material might be a very worthwhile development, particularly if this

satisfies an Air Force requirement which cannot be met by any other means.

An assessment of current Air Force requirements in the field of
malerial processing can be obtained from the Phase III Report of the Air-

craft and Astronautics Panel of the Materials Advisory Board (2).

Separate lists of conclusions werce drawn up by the Airframe and
Structures Subgroup and by the Propulsion and Auxiliary Power Sysiems
(APS) Subgroup. Represcntative of the panel's conclusions, however, is

the following quotation from the report of the Power and APS Subgroup:

"It is the opinion of the subgroup that no cntircly new fabri-
cation method must be developed in order to manufacturc

the componcents of the future, The basic fabrication methods
listed. ., .arc capable of fabricating cxisting and new matcrials
into the required configurations. The principal nzeds,. . lie
in developing established methods for new materials, cspec-
ially the refractory metals, and in expanding the sizc capa-
citics of processes to produce parts several times the size
of existing components. In only one area, the fabrication of
nonmetallic components, will any essentially new processes
have to be developed and even these will utilize already
developed pilot techniques, "

Most critical areas in the manufacturing techniques categories were

indicated to be joining and surface conditioning. Most critical matarial categories
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(W8]
wn




are the refractory materials -~ the refractory metals, the super alloys, and

the ceramic materials.

Though the MAB report serves a useful function in delineating
critical Air Force needs, it is essential that a certain amount of highly
speculative effort be directed toward the ever narrowing gap between service
environments and manufacturing environments. Such speculation ultimately
must cope with such matters as trying to establish theorctical upper bounds
for material properties and for the characteristics of processcs aimed at
inducing "failure,' in some sense, in these materials. Thus, in a broader
sense, the need for development of basically new fabrication methods is an

ever present one.

This point of view is validated by considering the relation of the

processing environment to the service environment.

Let ). be the set of all possible environments to which a material
can be subjected in either theory or practice, Let F be the set of environ-
ments which are capable of inducing '"failure'" in some sense detrimental to

the mission which the material must fulfill, and let S be the set of environ-

ments which are incapable of inducing such failure. Then

= F s (1)
and

F~~S =0 {(z)

where O is the null or empty set, and W and 7 denote union and inter-
scction respectively., Thus the Lwo sets together comprise the whole environ-
ment space and contain no common elements. All fabricating environments
must belong to the failurc selt F, whereas all service environments must,
belong to the set S,

Now it is evident that F (and hence S) depends both on the material
and on its mission requirements. As materials are developed to meet more
cxacting mission requirements, S —= (I and F —- O. Thus one is forced

to seek more diligently for ways to fabricate materials as these materials
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approach perfection. In the limit, the ultimate material capable of survival
in all environments could not be processed by any means. Of course such
a possibility can be viewed only in a relative sense, On a cosmic scale,
one might well consider that we may wish eventually to send space probes
into environments incapable of being duplicated terrestrially. Therefore,
since F and S are disjoint sets, our ability to explore space must be
limited to our ability to produce sufficiently severe failure environments

on earth,

As previously noted, the cohesiveness of a solid must decrease
as the energy density approaches the binding energy. Therefore, the set

I is an increasing function of energy density and, as energy is supplied to

the solid, one might expect a wider range of process possibilities. Evidently,

then, manufacturing techniques can be based on the use of environmental

conditions of greater severity than Lhose likely to be encountercd in use. For

example, if a material is designed to withstand a temperature of 3000°F, then

by exceeding this temperature one should be able to process the material,

However, as temperatures and pressures increase in the seirvice environment,

it will become less practical to process materials by such obvious extensions

of the service environment. Instead it will be essential to look for synergistic

possibilities.
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7. PROGRAM FCR NEXT PERIOD

During the next 6-month period the broad study of deformation processes
and the study of direct deformation processes will be completed. The former

will be reported separately because of its importance as a guide to manufac-

turing process research.

Feasibility studies oi promising effects will continue with emphasis on

the experiments outlined in the present report.

Process synthesis efforts will follow the concepts for cooperative mecha-

nisms developed in this report.
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APPENDIX A

ELECTROMAGNETIC FORCES AND ENERGY DENSITIES

A rational search for electromagnetic effects that can be utilized in
manufacturing processes must be supported by the means for calculating
the forces, stresses, and energy and power densities involved. The
nccessary theory is developed in this appendix from Maxwell's field
cquations, followed by a brief discussion of the problem of coupling fields

to loads, the load representing the workpiece.

A-1 General Formulation of the Stress Tensor

The most general formulation of mechanical forces on matter due to
electric and magnetic fields is derived from the classical theory of radiation
pressure. The derivation follows Page's "Introduction to Theoretical Physics, "
but the equations are written in the MKS system. The basic classic equations

of Maxwell are restated as follows:

VD =p (1)
V-B=0 (2)
V*E:——svf (3)
vxH =/al7-r~d?D (4)

The force acting on a differcntial volume of material is given by

/-:=ﬁc?+ﬁ{7xg (5)
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where the bar indicates a vector quantity, and

electric flux density, coulombs/mz
= potential gradient, volts/m

= magnetic flux density, webers/m2
magnet:c field strength, amperes/m
= velocity, m/sec

= charge density, coulombs/m3

N Qo O m
H

= force intensity, newtons/m

In homogeneous, isotropic media,

-9
5=€E=‘/§%7?Eér (6)
where €, = relative dielectric constant, and
B = uH = 4mx 107 u. d (7)
where U, = relative permecability.

If charge density and velocity arc climinated from Equation (5), and
the force F is integrated over the volume of a piece of material, the total
force K is given in terms of the clectric and magnetic field strength and
material properties. This classical thecory, of course, considers continuous
distributions of matter and charge densityand assumes linear and isotropic
material with constant €, and 4. . Certain intermediate algebraic steps

arc omitted here since the derivation is given in numerous texts.

Fee(vE)E rp(vafl)x-epls x A ()

The force equation must now be made symmetric with respect to the electric
and magnetic vectors. Multiplying Equation (2) by H , and Equation (3) by

D and then adding one obtains:

A-2 NM-1559-P-3

— Goagy;




S SR { S | ey e ) -3~

| S

/u(V H)H+€((7x£)x£+€,u-g——x£: (9)

Then, adding Equations (8) and (9), and using the vector identity

(v- V)V +(vxv)x

one obtains:
+ 7 (€EE+ pHA) (10)

The total force K on a finite volume of material is found by integrating

F over the volume v

Y

KefFdv=-ens Aﬁmy»-(@@,«ﬁﬁ)n— (1)
v v

N!\

/ CEE +pH-H)dv
(4

The second and third integrals can be converted to surface integrals

over the surface of volume V¥ by well-known vector theorems:

l'(—=~€,adi ExHdv + [ (€EF ruii) -da (12)
SV A
~ ) [ (€E-F+pH-H)do
A
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The term L x [/ is the familiar Poynting vector, a surface power
density. The volume integral gives a body force acting on the entire mass
of volume ¥ , andis, of course, determined by the value of Poynting
vector inside the body. The surface integrals give forces acting on the outer
surfaces of the body, and the values of E and H are those at the surface,
It is imnportant to determine the correct values of these vectors at each point.
These surface forces arc interpreted as arising from stresses acting on the
surface A bounding V¥ . To find the components of stress on a surface
normal to the X axis, for example, one must evaluate the integrands with

da = Tdydz thus obtaining:
B -2 f 2 2 /.2
Xy = €(Fu =L E7) v pu (H32-117)
Y, =€F E "'/‘Hz"/y
Z, = €by by tuH H,
Hcre, X,Y- is a normal stress, );c and [, are shear stresses acling on

the YZ surface, and £%= fxz-f' Eyzf-EEZ The stress components on the

surfaces normal to the Y and Z axis are similarly obtained,

The stress dyadic y is defined by
dK = ¥ -da (13)
where in rectangular coordinates

ﬁ:.l{ya(z /—falz dz + k}(xa(f

T'he cxpanded stress dyadic is given by
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2 ‘T[/};(Exz - Eyz"Ezz) 4 “’g(ﬁf _H;_H;)//
FIf€ELE, +p Hsz} ’ ‘T}ZfeEx £z "/‘Hxﬁzf
L Y ’ 8

T - - 3 2 2 2y, /( 2 2 J ?
fjtjéfyfx + U H)’ /-/x} f'jl/?(fy —[Z -[x )/ —é—(‘/y —Hz /,KE)[
(14)

+]R(fe£y£z +qusz},« /a[e £, £y +/quHX}

. ; i | € 2 2 2 2
t+ Kj {CEZ £, f'/,(Hz/"Iy}fKK {E(Ez "E;-Ey)f'é{(ﬁz ’”xz"/’(y)}

This dyadic is symmetrical., It exprecsscs in the most general form
the surface forces on homogeneous, isotropic matter that are due to electric
and magnetic fields. If a constant electric (or magnetic) field is applied, the

H (or £ ) terms are zero.

As an example, consider a one-centimeter cube of material of relative

dielectric constant €, = 4 and relative permeability 4, =1, aligned with its

»
edges along the principal axes, rigidly supportcd at one YZ face, subjected
to a steady electric field in the X direction, and immersed in free space.

Then
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AK = ff/l:‘;dydz -/ §/€fdxdz - f?f/@fofxdy

_ € L2 . __€r% f . =-Erz -
K ——Z—E x10 75 K ==2£ x107; K, =->£ x10

The material is compressed in the X direction by the normal force

Ky

and Z directions. The effective value of Ex is the difference between

f g H
Simil

and Kz tend to stretch the material in the ¥

the values outside and inside the body. If the free space ficld is of strength

o - 61
2, , then EK = %Z -
Assuming a gradient, E 105 volts/cm, the stress X;c in the

direction is

0.1 newton/cm2
0.145 pound/in.2

i

.9 ,
€ e -4~/0x4-(4-/) R, -4
Ke =76 "% = 7720 (70 (10 10

i

y, presently aitainable eiectrostriction forces are small.

<.
<
o
jo
/3]
@

\<|

To illustrate magnetic forces, assume a steel body of A4, = 1000,
subjected to a field of 2- 104 gauss, or 2 webers/mz. The resulting differ-

ential K is approximately 1.6 x lO3 amp/m. The tension stress is then

¢ amwx10?
* 2
= 2, 320 pounds/in.

Since it is the difference in field strengths at the outer and inner sides of
a surface which determines the net force. it would see that static electric

fields are effective only on dielectric materials, and static magnetic fields only

on ferromagnetic materials. When electromagnetic waves are used, the reflec-

tion and transmission effects at the surface will result in a differential ficld

strength, even if high permeability materials are not present.
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\A-2 TForces on Current-Carrying Conductors

Magnetic force on material may be applied by passing heavy currents
through the work piece. The resulting heat effects might at the same time

lower the yield point. The differential equation characterizing this effect is:

F<J <8 (15)
where F = force per unit volume, newtons/m
J = current density, amperes/m
B = flux density, webers/m2

B is the actual flux density at the polnt where J exists, and is, of course,
the resultant of the impressed magnetic field and the magnetizing effect of the
current in the work piece. To illustrate this effect, assume a current density
of 1000 amperes/in.2 flowing through a metal bar located with its length normal

to a resultant field of 100, 000 gauss. Then,

o= 4090 L i0* - 1.85 x 10% amp/m?®
(2. 54)

B = 10° x10°8 x10% = 10 webers/m?

- 7 3 .3

F =1,55x% 10 ncwtons/m~ = 57 pounds/in.

If the bar were unrestrained and had a cross section of one square inch, it
would be uniformly loaded with 57 pounds/inch. Selective nonuniform loading
could be accomplished, within limits, by properly shaping the current distri-
bution and the magnetic field. As in all cases of electromagnetic force pro-
duction, a difficult problem of field and material geometry is presented. The
difficulty with fields is that they do not have sharp boundaries; they "smcar
out' into continuous distributions. Sometimes these problems can be rcadily

solved by analog mcthods.
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A-3 Volume Energy Densities

The volume energy densities in jou.les/m3 are given by

_ € .2
We =3¢
(16)
Myt 1 g2
Wy = 5 H 2u B
where £ = volts/m
= Webers/nﬂ2
For £ = 105 volts/cm. :
€ - 7,2 . 2
WE’—‘ 7—2:7- x 10 9 x (10°) = 442 €, jonles/m
= 4.42 €, x 10" % joules/cm>
For B = 105 gauss:
5 -8 4 }
VARULE'S UiE s U 1 . NP BRI
8 x 107 4. r
! 3.79 3
= joules/cm
”

One joule is 0. 738 foot-pound.

High clectric-field strength causes ionization and disruption of matter.
At normal atrmospheric conditions dielectric-breakdown-voltage gradients
range from 3 x lO6 volts per meter for air to 4 x 107 volts per meter for thin
sheets of high quality siliconic rubber. This dielectric strength limits the
possible field volume energy densities. No such disruptive effect is known in
magnetic fields. Realizable energy densities are much higher in magnetic

than in electric fields,

Note: The foregoing discussion applies to static or non~time-varying
fields. In electromagnetic waves there is a fixed ratio of £ to 4 , which
causes the energy to be equally divided between the £ and A fields. The
energy is propagated in the direction of the wave and is not stored as it is in

a capacitor or a magnet.
A-8 NM-1559-P-3
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A-4 Means to Obtain Power Densities

The rate at which energy can be liberated or transformed is as important
as the storage density. Achievable power densities depend on the mechanism

by which energy is supplied to the load.

High-frequency electromagnetic energy might be applied by apparatus
like a pulsed radar. As an example of the present state of the art, a peak
power of 250 megawatts can be supplied in pulses of 0. 25 microsecond with

rise and fall times of 30 nanoseconds, One such pulse supplies about 60 joules.

A common method of supplying energy pulses is by the discharge of
capacitor banks. The resulting power is a function of time and varies widely
with the electrical parameters of the circuit. Since all circuits possess

resistance, inductance and capacitance, the current is always of the form:

r - -
e s [elanf) e )

where

.
x - g ’L)/Zz_'?) - jie

-4 -G e

R = total resistance,

C = capacitance

L = inductance

£, = initial potential across the capacitor

The current is either oscillatory or forms one pulse, viz:
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The total energy, (_‘E:‘/Z is converted to heat in the resistance, only a part
of which represents the uscful load. The peak power available is something
2

less than [o/,e and decays exponentially with a tirme constant eqqal to ,(?C/E
Circuits for applying cnergy by capacitor discharge should be carcfully designed
for the specific load, whose electrical characteristics must be accurately known.

When a spark gap is uscd as a switch to close the discharge circuit, somec
of the energy is lost in the spark, Morc sophisticated switches of better cfficicncy
may be used, however,

One microfarad stores 1/2 joule per (kilovult)‘:, substantially all of which
can be liberated in a few microseconds, provided the inductance of the circuit
can be kept very small.

As an example of capacitor-discharge metal forming, current rescarch at
Republic Aviation Corporation may be cited (16). It is reported that the resistance

changes in a complicated way during the discharge so that the decrement factor
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dces not remain constant. Simple exponential decav therefore does not describe
the discharge. Maximum power at the spark gap is developed when the circuit
parameters are so chosen that the circuit is critically damped in the scnse that
the resistance is adjusted to just prevent oscillation. A typical discharge
reported in the study is 9720 joules at 9000 volts. With critical damping, 81.5
percent of the energy is delivered to the load. A vacuum switch is used to
initiate the discharge. An initiating wire is placed in the discharge gap, the
diameter of which is chosen to obtain the critically damped condition. The
inductance, capacitance and the resistance of the circuit external to the gap
remain practically constant. Typical values are 240 microfarads, 50 x 10"
henry, 0.003 ohm in permanent circuit structure, and 0. 15 ohm in the initiating
wire. The installation is designed for a maximum energy storage of 155,000

joules (960 microfarads at 18,000 volts).

A-5 Mecthods of Coupling to the Lioad

Some of the coupling factors have already been mentioned briefly., The
forces due to electric, magnetic and a-c electromagnetic fields depend on a
difiercnce in field strength between the outer and inner sides of the surfaces,
These difterences, in turn, depend on differcnces in resistivity, permeability
and permittivity between the material of the work picce and the ambient matter.
The relative values of sample dimension and the wave length of the radiation
also are important, In the casc of the diclectric bodies, the material used to
support the work piece may also be important. Jt is cenceivable that tuning
of r-f ficlds could increasc the forces by establishing standing waves when the

work piece is backed by suitable reflecting surfaces.

It is evident that especially shaped force-field configurations can be
e¢stablished in work pieces by properly shaping the electrodes, coils, or antennas
which produce the fields. Such shaping is commonly done in induction heating,
and a large amount of design information has been accumulated. The mathe-
matical problem would always be difficult, but theory could be used as a guide
to empirical solutions. It must be remembered that true discontinuities in fields

are practically nonexistent.
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When forces act on electric currents flowing in metal work pieces, both
the external magnetic and the internal current-flow field can be shaped to
develop forces in preferred directions. The current pattern can be controlled
within limits by the shape of the work piece and the lead-in connections, and
perhaps also by local heating to alter resistivity. It should be noted that if
the magnetic field and the current are ac of the same frequency and properly
phased, the forces will be unidirectional. Conceivably, the currents could
be established by induclion. As an example, consider a steel plate with a
round hole in it, this hole to be flanged or dimpled. By applying ac magnetic
flux through the hole, circumferential currents would be induced in the steel.
The radial forces developed would tend te enlarge the hole, and because of
local softening due to heat, the desired deformation might occur. By use of
an external coil, this idea has been used for swaging tubes to a reduced
diameter, An ac magnetic field induces currents in the work piece, which
acts like the short-circuited secondary of a transformer. It is of course
necessary to have values of parameters which result in a reasonably good

power factor or phase-angle difference.

When steady electric or magnetic fields are involved, the field in a
region of constant properties is computed by means of the LaPlace cquation

if the boundary values are known:

vig = o0 (17)

where £

1

—V?

and F field strength.

I

The values of the potential 95 on certain bounding surfaces are established
independently by some method of control, In practical cases, the properties
of the matter in the field will not be constant but will vary from point to point.
This variation is described by means of a flux density function, related to the
field strength, viz:

D=¢E
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For amorphous and polycrystalline materials, ¢ can generally be treated
as a scalar constant, but D is sometimes a nonlinear funciion of £

Single crystals frequently are anisotropic, and € may become a dyadic.

The flux density is related to the source distribution by an integral:

lB-I@fV/m,

where J = source density and the potential function is related to the source

function by the integral:

/
¢=4¢re/éd”

where v = distance from dv to the point at which the potential is deter-
mined. The above equations are written for electric fields, but magnetic

fields are governed by the same equations.

When the field strength varies harmonically with time, the relationships
are much more involved, because of the interrelation between the electric and
magnetic fields, Equations (3) and (4). High-frequency fields also exhibit the
further complications of finite propagation velocity and time delay, causing

cnergy to be radiated.

Formal solutions are possible only for the most simple gecometry.

Digital computer solutions of boundary value problems are very time-consuming.

Analog methods are frequently very helpful, particularly for two-dimensional
topologies. Engineering techniques for designing equipment to shape ficlds to
specified shapes have not been highly developed as yet, except for radiating
antennas and induction heating coils, chiefly because engineering applications

of shaped fields are few.
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APPENDIX R

ELECTRON, ION AND LASER REAM PROCESSES

The material removal and material addition capabilities of electron,
ion, and laser beams are discussed and compared in this appendix. Each
energy form is discussed in turn for the two usc categories, the better-
explored electron beam serving as a basis for comparison. The outline of
an experiment for investigating the interaction mechanism between a laser

beam and engineering materials is included.

B~1 Material Removal

B-1.1 Electron Beams

Electron beams can machine literally any material. However,
drilling and milling operations employing electron beams are not yet widely
in use, apparently because characteristic burrs (of micron size on the edges
of cuts) are objectionable. These burrs are formed when a portion of molten
material lining the cavity is biown out by the internal vapor pressure of the

melt, and some of the material condenscs on the edge of the cut.

The procedure used to drill a hole or mill a slot is to apply
power in short pulses in such a manner that the successive layers of the work
piece are evaporated without adversely affecting adjacent material. In
tungsten, for example, K.H. Steigerwald (17) fgund that it takes 10—8 seconds

for the energy of a 100-kev electron beam at 10 '\aval;ts/crn2 to be absorbed in
the impacted surface layer and raise its temperature to the melting point.
Calculating the heat conducted away from this layer, it is found thal it takes
10_5 seconds for a point which is 0. 0003 inches away to reach melting temper-

ature and 7 x 10-6 seconds for a point only 0.00004 inches away to do so.

1See Appendix G for a discussion of the interaction mechanism between
electron beams and matter.
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Either of these times is greater by a factor of 103 than the melting time under
the beam. From this example, it is seen that there is ample time to vaporize
the intended layer of material without melting adjacent material only a few
mils away.

The minimum width slot or minimum diameter hele which can be
produced is a function not only of the beam spot size but also of the depth of the
slot or hole. For depths greater than about 0.020 inch, energy is absorbed
by the walls, and the hole diameter will increase to approximately twice the
beam diameter. With workpieces much less than 0.020-inch thick, just the
reverse is true. As the thickness of the material approaches the penetration
depth of electrons in that material, the less dense outer edge of a nonuniform
beam tends to pass through the workpiece without transferring sufficient encrgy
to evaporate it. The center of the beam is much "hotter' however and does
cause evaporation ot the material. 'I'hus, the hole produced by an clectron
heam can be smaller in diameter than the beam itself. For example, under
optimum conditions, a 0, 0008-inch diameter beam can produce a hole only
0.0004 inch in diameter (18). The deepest straight hole or slot that can be
machined in metals is about 0.08 inch. Beyond that depth, the walls absorb

the beam energy, and side~wall taper becomes appreciable.

The instantaneous intensity of the beam, and its focus, shape
and position can be controlled accurately. Since the cutting energy is pulsed
(from 1-5000 cps), clectron-beam machining operations arc easily adapted
to programming by controlling the pulsing with a scanner, A unit which can
follow intricate patterns by this method has been developed.

The two stroung points of material removal with eleciron beams
are:

1. The technique is applicable to any material. 1t has
been used to put holes in glass, diamonds, and

nearly the full range of metals.
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2. It will drill holes less than 0.0008 inch in diameter.

The limitations are:
1. Cut depths are usually less than 0. 080 inch.

2. Holes are usuallynot 'clean'' --- the edges of

the cuts and the bottom have micron-size burrs.

Unexploited potential in electron-beam machining may be found
in the effects caused by special environmental gasses. Some progress in this

area has alrcady been reported (19).

B-1.2 Ion Beams

Ion beams offer several advantages over electron beams for
material removal. For example, because the ion beam sputters material off
the workpiece instead of vaporizing it off, heat conduction is not a problem,
and the machining operation could operate continuously as opposed to pulsed
operation. Moreover, sputtering ratios at potentials of about 15 kv indicate
the possibility of macroscopic as well as microscopic machining opcrations.
Again, as in electron beam machining, the greatest obstacle to actual achieve-~
ment of macroscopic ion-beam machining is the¢ inability of available ion-beam
devices to generate a beam of sufficient power.

Earlier preliminary computations (20) gave yield figures that
were about the same as those presently achieved in electro-chemical milling
processes. Moreover, the ion beam would have the ability to machine

nonconductors such as ceramics, and the control which the operator would have

over the beam would be inherently better.
B-1.3 Laser Beam

The mechanism by which a laser beam removes material is quite

similar tc that of the electron beam. Both vaporize the material by generating
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intense heat within the target area. However, a laser beam can expose the
target area to higher energy densities for shorter periods of time than an
electron beam. A further distinct advantage of the laser beam over electron
beams in the processing of thin films was recently pointed out (21). Because
of the high acceleration voltages (up to 150 kv) needed for small spot size,

the electron beam will penetrate the first surface layers and cause sub-
surface heating, resulting in ruptures at the surface and irregular definition
of the lines cut. Light beams would have no such effect due to their extremely

o
shallow { ~ 500 A} penetration depth.

At the present time, the laser can drill holes from . 001 to . 010
inch in diameter in thin sheets of any material. It has been noted that there is
practically no oxidation along the walls of the machined areas regardless of
the atmosphere. The actual mechanism by which a laser beam drills a hole

is unknown.

An experiment for studying the interaction mechanism between
a ruby laser beam and engineering materials has been formulated and will be
performed during the next contract period. The shape and durability of the
light pulse from thc optical maser will be varied by control of the pulsing
circuii parameicrs and by delaying the onset of stimulated emission., The
latter can be accomplished through the interposition of a rotating shutter
between the ruby and a separated end reflector. The relations between the
parameters of the optical maser pulse, material removal rate, and configu-

ration control will be studied.

B-2 Material Addition

B-2.1 Electron Beams

Electron beams serve two different material-addition technologies,

These are welding, in the conventional sense, and evaporation. They are dis-

cussed scparately below.

B-4 NM-1559-P-3
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B-2.1.1 Welding
In welding, electron beams have contributed to an
"order of magnitude' increase in the state of the art. The characteristics
of electron beams permit the design of extremely versatile welding equip-
ment. A single high-voltage machine can weld mnicromodule electronic
circuits as well as two-inch thick slabs of stainless steel. The only

limitation on workpiece size is the size of the work chamber.

In addition to the versatility of the electron beam
welder, the welds it produces are unique. First, there is virtually no weld
contamination problem, and the formation of harmful intermetallic phases
is kept at a minimum. Second, weld depth-to-width ratios as high as 40
can be achieved compared with about unity ratio for other fusion techniques.
Third, the metal adjacent to the weld suffers very little distortion and
thermal influences on its microstructure are reduced because there is much
less molten metal to give off heat. Lastly, welds can be obtained between
materials which were thought "unweldable' previously., Some of the difficult-
to-weld materials which have been joined by electron beams are copper to
zircoloy, stainless steel to niobium, tempered stainless steel to tempered
stainless steel, molybdenum to alumina, tungsten to alumina, nobium to

alumina, beryllium to beryllium, and alumina to alumina.

Microweldments produced by electron beams on
microminiature electronic components are also characterized by excellent
mechanical and metallurgical properties, and provide a high degree of struc-
tural reliability. Electron beams offer a solution to one of the most vexing
problems in thin-film circuitry, that of joining leads to thin films without

destroying the film in the process.

lPriva'ce Communication from Hamilton Standard, Division of United
Aircraft Corporation, Windsor Locks, Connecticut.
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In summary, the advantages of electron beam welding

are:
1. Extreme versatility

2. No weldment contamination

3. High depth-to-width ratio

4. Low distortion ll
5. Small heat-affected zone
6. Ability to weld refractory materials '!
7. Amenable to precise control.
The work-chamber restrictions may not be present much longer as a result of l'
some successful experimentation with electron-beam welding in an inert gas l‘
environment(23).

B-2.1.2 Evaporation

Electron beams can be used in practically every aspcct
of thin-film circuit production. For example, an eleciron becam can provide the

energy for the following operations:
1. Initial cvaporation and deposition
2. Subsequent milling required on resistive elements
3. Annealing or alloying of selected portions
4. Final attachment of lead wires.
Each of these operations when performed by an electron beam has certain distinct

advantages over more conventional procedures. Conventional evaporation is

limited to materials whose melting point is less than 1000°C due to crucible con-

tamination or reaction. Electron-beam evaporation allows the use of water-cooled
copper crucibles and provides the necessary power density to evaporate metals
like tungsten and tantalum. (Previously, thin films of tungsten or tantalum

were obtained through spultering.)
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Milling the resistive elements with electron beams
instead of using etching techniques circumvents the necessity of providing
masks and allows for constant monitoring of the component during the milling

operation.

Annealing or alloying of selected portions of the thin-
film circuit can ke accomplished without adversely affectling neighboring arcas
through the close control and small spot size associated with electron beam
devices. These characteristics also make the electron beam an ideal tool for
attaching the lead-wires to the appropriate thin film circuit areas. Becausc
of these unique characteristics, electron beam production facilities now availa-
ble (24) can produce 80 to 500 thin-film microcircuits in a two-hour cycle, as

opposed to about one per hour with conventional equipment.

A possible cxtension of clectron-beam application in
the field of microcircuitry involves the direct fabrication of electronic circuits
from the raw materials with a minimum of nonfunctional elements. Such a
circuit would have its elements, both active and passive, built up in successive
layers deposited by evaporation of different materials to carry out the necessary
clectronic functions. 'lThe entire operation plus the connecting of lead wire

could be accomplished by means of electron beams,

It is anticipated that further applications of ciectron
beams which fall within the category of production tools will be along the linces
presently being exploited. The development of production facilities which can
make use of electron beams in each of the applications mentioncd is being
carried out at a rapid pace. Improvements and refinements of these processes
will come as a matter of course, but it is advisable to provide guidance of such
efforts on the basis of improved understanding of process characteristics and

the type of systems approach developed here.

B-2.2 Ion Beams

lon beams offer promise in another phase of material addition,
that of composite materials. Since at low energies ( < 1 kv) ions incident on

a target have insufficient energy to sputter and instead form a depoesit, they
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offer a means by which surface lavers of a desired composition could be formed
on a material, These surface layers could be such as to retard oxidation,
lower vapor pressure, or change the reflection coefficient for a particular fre-
quency of optical or infrared radiation.* The possibility of precise control of
ihc ion beam also makes it a candidate for use in the thin-film industry. For
example, the deposition of thin-film circuits would be possible without going

through a laborious masking process.

B-2.3 Laser Beams

Laser beams can contribute significantly to the welding phase
of material addition. As was mentioned earlier, laser beams are very similar
in their interaction with materials as electron beams. However, at the present
time, laser-beam welding is limited to welding thin shaets ( ~s .005in.) of
materials on a pulse or spot-welding basis. Overlapping pulse welds can, of
course, be substituted in place of a continuous weld. The most significant
aspects of laser-beam welding which makes it especially attractive involves
the low oxidation of the lascr wecld due to the short pulse duration and the
cxtremie degicee of control coupled with the very simall spot size attainable
without the limitations imposed by artificial atmospheres or physical contact

with the workpiece.

Just from those characteristics mentionecd above, it is clear
that the laser can be a valuable production welding tool cspecially adaptable

to mass production and/or autemated techniques.

“Surface modification by ion beams is discussed in more detail in
Appendix D.
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APPENDIX C

PENETRATION DEPTH AND POWER DENSITIES OF
ELECTRON BEAMS

The theoretical penetration depth of electrons in metals is 0. 003
inch. Yet, welds in one-inch-thick materials have been produced! In
this appendix we examine the apparent paradox by physical reasoning and
calculations of energy relations from published welding data. Achievable

power densities are then discussed.

The electron beam is essentially a heat-producing tool capable of
being focused and controlled to a high degree. The heating is the result
of an almost 100 percent energy transfer betwcen the electrons making up
the beam and the target material. The dominant mechanism by which the
energy transfer takes place is the same for all materials, namely that when
high-velocity electrons impinge upon a material, they suffer collisions and,
in the process, give up their kinetic energy to the material. Because of the
large difference in their masses (a factor of 104), the electrons cannot
transfer their kinetic energy directly to the lattice atoms of the material (25).
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tribute to the vibrational energy of the lattice. Thus, the amplitude of the
lattice vibrations is increased and an alimost instantancous temperature visc
within the target area results. Furthermore, since the electron penetration
depth in metals is only about .003 inch, all of the encergy transferred to the
material is localized within the target arca, and losses are essentially
limited to thermal conduction from the target area. Indeed, it is this specific
property of electron beams which enables them to perform many of their
unique functions. Because of the combined high power density of the beam,
the shallow penetration depth, and the lcw thermal losses from the target
area, the energy density within the target area very quickly approaches the

theoretical binding energy of the material.

Another result of the shallow penetration depths is the narrow heat-

affected zones characteristic of electron beam welds. Consider an electron
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penetration depth an order of magnitude greater than the classical limit for
iron (0.003 inch)! Then witha 0.010-inch diameter electron beam incidant
upon the material, we would expect to find a tear-drop-shaped, heat-affected
zone immediately under the beam. This tear-drop shape is a result of
Rutherford-type scattering of the electrons by the lattice-electrons of the
target material. If we assume only small angle scatter, ~ 5° per collision,
and 10 collisions per incident clectron, at a penetration depth of 0.030 inch,
then the mean horizontal displacement of the electrons would be about 0,010
inch. Thus for a 0.010~inch diameter beam, the mininium width of the heat-
affected zone would be 0.030 inch, neglecting thermal conduction. This
figure would also correspond to the minimum diameter hole which could be
drilled in materials substantially thicker than the electron penetration depth,
Actually, the electron penetration depth is 0.003 inch for iron, and the mean
horizontal displacement of the electrons is only about 0.001 inch; therefore
a 0.010-inch diameter beam theoretically produces a heat-affected zone of
0.012 inch. Weid widths in stainless steel of less than 0.030 inch have been
reported (26). Thus, it would seem that the narrow heat-affected zones in
weldments can be explained by adhercnce to 'classical' electron penctration

depths.

The question then ariscs why electron beams can make welds with depth

3]

up to one inch although the penetration depths are three orders of magnitude
less. To explore this paradox, the energy available in the electron beam and
the energy required to vaporize a given volume of material corresponding to
the weld cavity were comparcd (Figure C-1).

In cur analysis we computed the energy required to vaporize a volume
of material (VO) equal to the cross section of the electron beam times weld
depth and compared this energy with Eo’ the energy actually expended in

producing the weld (27). The diameter of the electron becam was given to be

0.010 inch.

For most welding speeds the actual energy expended was available only
for one material thickness (27). llowever, it is known from other investliga-

tions (26) that, for a given welding speed, depth of penetration is dircctly

Cc-2 NM-1559-P-3

i

S Sl N e fam




(g"NI .01 )%
008 002 00!

TIAIIN

192113403 HL

~
z_z\=om|..;//wwx_
. y\\
/.

~NIN/u0Z

0001

(s3nor)°3

000¢

--loooe

00€

$Q33dS HNIQTEBM
SNOIYVA LV JIHSNOILYTIY IWNTOA SNS¥IA ADYINA

{(gN1 501 X)°

007

001 0
0
NNICYNYVA
Vs
7
, 0001
NIW/W0E~ \\\ =
o
(=4
' ¢
m
: . 2
S 0002
\\\\\\“Mw_bumouzk.
NI/ L00
000€

-9 o4nbid

(g1 01 X)°
008 002 00

13318 SSIINIVLS 8/8)

NIW/4OE -
NIW/ 409 -

z_z\ga_
NINW/.0Z
SS YO IL3YO0IHL

. o, 8
($3107)73 S

000¢

000¢

NM-1559-P-3

-3

C



00¢g

(g°N1 -0 X}

002

f

ool

AN WY

x

N

WI123Y0IHL

/Nt

TN

$Q33dS INIQTM
SNOIYVA LY dIHSNOILYTAY IWNIOA SNSYIA AD¥ING ("3uc)) 1) @4nbyy

. o
("Nl 01 X)°A

00€ 002 00! 0
’ ; 0
Wnigoly
0001
m
[«]
N
o
(=4
T
m
«
10002
L iwissiosi
NIW/uSI
-~ --loooe

(g"N! g-01 X)°A

0E 002 00! oo
NILSONOL
000!
m
o
™
[ =)
=
-~
rm
&
- 0007
NIN/uS
NN/ Ol —
NIN/u08~ST —.

4<o_kumouzhlzwx

000¢€

NM-1559-P-3

-4

C



R

1 IR

proportional to beam power. Theretore, the Eo - VO urves werce plotted

c
as straight lines. It can be seen from the graphs that, for the higher
welding speeds, the slope of the actual Eo - Vo curve is greater than the
slope of the theoretical curve. For lower welding speeds, the trend is
reversed, An accurate energy balance to account for the losses has not

been calculated,

The fact that less than vaporization energy was expended in producing
a weld cavity at high welding speeds supports the view that a significant
portion of the material displaced from the cavity must be ejected in molten
form. The ejection is probably brought about by the vaporization of sub-
surface areas in a manner described by Schwartz in Reterence (25). His
explanation is supported by the fact that in observing an elecltron-beam welding
process, it can be seen that there is a continuous stream of metal droplets
thrown out from the weld cavity to a height of several inches above Lhe
weld. (It would be an interesting experiment to measure the amount of material
ejected for a given series of welds in an attempt to account for the total cnergy
expended.) A second explanation given for the ejection process requires the
vapor stream from the bottom of the cavity to drag with it portions of the

molton material lining the cavity., However, this view would require complete

IFFrom graphs similar to those presented, it is possible to predict the
approximate power necessary to produce a given weld at a given speed for
specific materials. It should be noted herc, that the spot size produced by
the beam is an important parameter since it determines the power density
delivered by the beam. On small spol arcas (say 0. 0001 square inch, power
densitics exceeding those of the electric arc by a factor of 104 can be achieved.
A change in-spot size for the samec total power delivered can resualt in entirely
different welding characteristics. The power density has been calculated by

Schwartz (25) for an optimum optical system as:

D=4 s (1)




where D = power density
{ = beam current
¥ = beam voltage

d = beam spot diameter

Since 6[0667[-)/ the spot diameter can be eliminated from (1), and

7 Y/
DaC."AVﬂ (2)

The proportional relation (2) demonstrates that high-voltage electron
beams have inherently greater power density than low-voltage beams at the

same power level.

If the beam current exceeds that necessary for creating a "pinch, "
then relation (2) no longer applies. The possibility of producing much higher
power densities is being investigated by Prof. W.H. Bennett, North Carolina
State College, a consultant to the project. Under a Navy contract, 1 he is
building a device that is to produce 5-kw electron beams using space-charge
neutralization to focus the beam and the pinch effect to confine and stabilize
it. Success of the endeavor would allow a significant increase in the rangc

of electron-beam welding and cutting applications.

lContract No. Nonr 486-10.
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APPENDIX D

SURFACE MODIFICATION BY ION BEAMS

The modification of material surfaces so as to extend or change the
properties of the bulk material is important to the concept of ""made to
order' material properties (2).. Although various surface modifications,
such as shot-peen hardening, have been practiced for many years, the full
potential of this concept has not been realized. The direct injection of

dislocations via ion beams is proposedly a means for surface modification.

High energy sputtering experiments at Oak Ridge National Laboratory
(28) indicate that at ion energies of 50 kev and above, the collision cross-
section of material-ion systems decreases, and penetration becomes the
dominant interaction mechanism. In other words, if the energy of the ion
beam is sufficient, the incident ions will be infused into the surface layer
of the target material. This infusion is tantamount to creating point defects
(vacancies and interstitial host atoms) in a material, thus determining to
a large degree the mechanical properties of that material. In consequence,
high-energy ion beams have the potential for bringing about gross changes
in the properties of the surface layer of materials. A point-defect-producing
ion beam could contribute substantially to hardening, embrittlement, and
oxidation retardation. A discussion of its potcntial in each of these arcas

follows.

D-1 Hardening

The surface hardening processes are solid solution, transformation,
and work hardening, The general principle of each of these hardening methods
is to produce misfits in the microstructurc of the materials, thercby impeding
the progress of dislocations and slip planes. Solid solution hardering produces
a misfit by introducing foreign atoms in the host lattice either snbstituftionally
or interstitially., Transformation hardening involves thc formation of stable
compounds or polymorphic forms within the host material (e.g., the marten-

sitic steels). Work hardening is essentially the introduction of dislocations
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to prevent or impede "inicro-slip'" (microscopic dislocation movement).
Each of the three hardneing processes is time consuming and likely to

produce warping and size change in treated parts.

The ion heam has the potential of duplicating the results of each of the
hardening methods without undesirable side effects, and of adding unique
features of iis own. For example, if the bombarding ion is within about 15
percent of the size of the host ion, substitutional solid solutions may form.
However, at low temperatures and shortperiods of time (relative to those
required for diffusion) the displaced host ion would have to take up a nearby
interstitial position. Since the host ions are large compared with the usual

interstitials, there would result an increase in volume of surface layer of

material. Thus, in addition to the hardcning cffect of the foreign substitutional

ions, there is an over-all compressive stress within the surface layer similar

to that encountered in shot-peening.

If the bombarding ions are small compared to the host ions ( ~ %),

interstitial solid solutions will result with very little over-all stress incurred.

This situation should result in a minimum '"hardness per incident ion' which
can be obtained with ion beams. Even this least efficient hardening process
via lon beains has inieresting features. For example, Ogden and Jaffce (29)
report that the Vickers Hardness of iodide titanium may be raised from 60 to

280 by the addition of C. 5 wt. percent of oxygen equivalents. (An oxygen

cequivalent is that amount of carbon or nitrogen which has hardening properties

equal to the addition of 1% oxygen: 2/3% carbon = 2% nitrogen = 1% oxygen. )
If onc wished to accomplish such a hardening operation on one square centi-
meter of surface layer and affect a depth of about 1000 atomic layers, the
addition of approximately 3 x 1018 oxygen ions would be required (30). The
energy necessary to penetrate aluminum to a depth of 8000 angstroms (or
2000 atomic layers) with nitrogen was 500 kev in a recently reported cxperi-

ment (31). At the present time, ion-beam generators can producc current

densities of about . 5 a.mp/crn2 which represents close to 1.5 x 1018 ions/scc.

Thus, this hypothetical hardening operation would take about two seconds to
complete. Vaughan et al. (32), report the following relationships between
oxygen content and Knoop hardness index for tantalum. The hardening times

are for the conditions described above.
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Ion-Beam

Oxygen Content Knoop Hardness Hardening Time
0.11 122 1/2 sec.
1.02 216 4 sec.
3.16 534 12 sec.

One of the more interesting facets of ion-beam hardening lies in the
possibility of producing both substlitutional and interstitial solid solutions
of compositions which do not exist under the near-equilibrium conditions of
conventional metallurgy. {Unless excessive heating accompanics ion impregna-

tion, equilibrium solubility restrictions are not expected to interfere.) There-

fore, ion-beam imprcgnation would be a possible means ol creatling new materials.

Apart from solid-solution hardening, ion beams offer possibilities for
hardening by bombarding with ions which form stable compounds with the
base metal (such as oxides, carbides, etc.). It has been found that a very
fine-grain, uniformly distributed compound dispersion is mosi efficient in a
hardening operation. Published data indicate that hardness increasecs linearly
with the function: //)//‘T‘ where A is the average interparticle spacing.
A few percent of compound dispersion would have a large effecct. Bombardment
by ions accompanied or followed by heat treatment could accomplish this fine-
grained uniform distribution. Of course, this stable compound formation could
be carried to the point where the entire surface consisis of the compound rather
than the base metal. More will be said on this aspect under "Oxidation Retar-

dation' below.

D-2 Embrittlement

The hardening treatments discussed above, when carried far cnough,
should result in extreme embrittlement of a shallow surface layer that would
then be readily removable. Thus, the ion beam might be the energy source

for the cmbrittlement machining process postulated in Scction 3. 1!

Surface spalling of a material due to embrittlement and accompanying

stresses as encountered in the substitutional solid-solution hardening process
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described earlier appears also possible. Such a scheme could be the basis
for a low-hcat, matcrial-recmoval process in which there are no extcrnally

applicd forces.

D-3 Oxidation Retardation

Oxidation is an important limitation to the use of metals at high tempera-
tures. In general, oxidation is rapid when the oxide product formed is porous,
cracked, mollen, or has a high vapor pressure. Conversely, oxidalion is
slow when the oxide layer is dense and adherent, constituting a good diffusion

barrier. The following approaches have been used in attempts to retard

oxidation:

o, Alloying the metal to produce complex higher melting-point
oxides, or lower vapor-pressure oxides.

b. Alloying with atoms of a certain size so that a larger or smaller
(as desired) specific volume oxide is obtained, (The intent is to
fit the oxide to the base metal so that it is protective).

c. Alloying to produce preferentially a very stable simple oxide
(such as Cr203) which remains as a protective layer after
some loss of the volatile parent metal oxide.

d. Coating with oxide and intermetallic compounds.

Fach of the approaches listed is applicable to ion beams. The alloying
methods are simply extensions of the stable compound formation approach
mentioned under "Hardening. " Coating with oxides and intermetallic com-
pounds can be accomplished by reducing the energy of the ion beam below
critical energy for sputtering ( ~ 1 kv) and allowing the impinging ions to
build up on the surface of the host metal. Subsequent heat {reatments may or

may not be necessary to stabilize the configuration.

An interesting possibility, unique to ion beams would arise if the diffusion
coefficient of oxygen and/or host metal through an existing oxide layer could

bc lowered by the "impregnation'' of foreign ions. If this is the case, then the
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rapid oxidation stage reached by several metals (after the growth of the oxide
te a certain critical thickness) might be aveided. Celumbium and tantalum
are two metals whose use is severely restricted by '"catastrophic oxidation'

above a critical thickness.

D-4 Further Work

We believe that ion beams have much to offer as energy sources for
material modification and that their potential should be investigated by a
vigorous experimental program. It may well be that now unknown relations
between point defects and microscopic mechanical properties (e.g.: foreign
interstitials and diffusion constant) will be uncovered which offer additional

control over made-to-order material properties.

The following procedure is proposed for evaluating the surface modifica~
tion schemes suggested above. Since the effect of nitrogen and oxygen on the
hardness of metals is well known, an initial experiment would attempt to
duplicate hardness dangers by impinging high-energy ion beams of these gases
upon metals. The number of ions pencirating the target, calculated from the
icn current, their energy, and the change in target hardness, measured by
indentation hardness, would be the principal variables. The hardened metal
would also be analyzed by X-ray diffraction and electron microscopy to

determine hardening mechanism, dislocation density, and penetration depth.

The appropriateness, availability and cost of the power supplies and
ion-bcam guns necessary for the experiments are presently under investiga-
tion. Commercially available and specially designed equipment are being
evaluated, The formulation of further plans for these important cxperiments

must await the outcome of this first design survey.
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APPENDIX E

EMBRITTLEMENT MACHINING

Some aspects of the machinability of metals by conventional tools are
associated with the balance between flow stress and local fracture stress.
The local embrittlement1 provided by nonmetallic inclusions (such as the
Fe3C lamellae in pearlitic steel) contributes much to easy machining
behavior. Conversely, uniformly soft and ductile metals (e.g., pure copper)

and uniformly hard materials (e.g. a Stellite alloy) are difficult to machine.

The study reported below is based on the postulate that some type of
extreme embrittlement treatment might render difficult-to-machinec alloys
readily machinable. The plausibility of this scheme becomes evident from
consideration of the case of cerainic bodies, which are often machined in the
unsintered or partially sintered condition because they fracture readily at the
very small areas of bonding between grains. (A new machining process for

ceramics is discussed in Section E-7.)

In order for the embrittlement-machining idea to be widely useful, it
is necessary that one or a few general means of extremec cmbrittlement be
found, and that recovery of useful mechanical properties after embrittlement
be possible. The latter requirement can be avoided if one thinks in terms of
localizing the embrittlement in an area to be removed, or in a surface layer.
For example, embrittlement might be confined to the region just "ahecad" of

a cutting tool, so that no other portion of the workpicce is affected.

In our investigation, certain currently known embrittlement phenomena
were surveyed with respect to generality of application, severity, reversibility

of the effect, and possibility for surface or controlled-area application. The

lBrittleness is defined simply as fracture without plastic deformation;
a material may be either weak and brittle, like common glass. or strong and
brittle, like a very high strength steel. Embrittlement wiil be used in its
engineering sense to mean a decrease in fracture strength under at least one
type of load, e.g. under impact loading.
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results are summarized in Table E-1. Details of the evaluation are included
in the discussion of the embrittlement types below. A recently discovered
scheme for embrittlement machining of certain ceramics is then presented,
and the extension of its principle to other cases is discussed. Finally, recom-
mendations are presented for experimental investigation of embrittlement

phenomena found promising in the present study.

TABLE E-1
EVALUATION OF EMBRITITLEMENT SCHEMES

Embrittlement Generality of Reversi- Controlla-
Type Application Severity bility bility
Direct Second Phase Poor Good Poor Fair
Gaseous Good Good Good Good
Low Temperature Fair Poor Good Good
Surface Good Fair Good Good

E-1 Discrete Second Phase Embrittilement

Graphitic cast irons are known as very easily machined materials., The
good machinability is largely attributed to the presence of discrete graphite
flakes or nodules, which provide local stress concentration and brittlencss. The
gray fracture surface of such alloys attests to the fact that the flakes or nodules
ol graphite provide paths of easy fracture. Energy absorption in the standard
Charpy V-notch impact test for cast irons is about 3 ft-lbs, which may he com-
pared (33) with the value of 100 (t-lbs for 1020 steel above 50°C.

The matrix (iron) phase in cast iron contains carbon in solid solution
(ferrite) or, alternatively, consists of ferrite + Fe3C (pearlite) and in cither
case will be rather tough. In the absence of the brittle graphite phase, such a

material would be much more difficult to machine.

Although cast irons are a prime example of embrittlement machining in
practice, discrete second-phase embrittlement does not seem promising as a

general technique. Its generality of application is pocr; a precipitating weak

and brittle phase would have to be found for each of a large number of alloy types.
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With appropriate weak and brittle phases, the severity of the embrittlement is
good. ‘T'he reversibility is poor becausc the precipitated phase will generally
be thermodynamically stable and will appear repeatedly on cooling slowly from
any elevated service or heat-treatment temperature. Actual removal of the
constituents of the phase by diffusion might be possible, but would be very time
consuming. Controllability is fair as constituents of a weak and brittle phase
might be diffused into the surface oi a piece. Such diffusion would be slow,

however,

E-2 Beryllium Embrittlement

Beryllium affords an opportunity to examine the machining behavior of
a single-phase metal which is very brittle in any commercial form. It is so
brittle that strength-test specimens must be carefully machined and chemically
etched to remove surface damage if strength values representative of the bulk
material are to be obtained. Loads are carefully applied to obtain purely
uniaxial stress because under bi- or triaxial stresses, virtually all plasticity
is lost. A typical value of energy absorption during impact failure for an
unnotched specimen is about l-in, -lb at room temperature, 1/40 that of cast

iron, and equal to that of alumina cecramic (33).

According to Olofson (34), beryllium machines like cast iron, except
that it is somewhat more abrasive to tools. Coarse-grained cast and fine-
grained hot-pressed beryllium seem to machine alike. Chip formation in
machining beryllium is primarily a brittle fracture process. The chips arc
found to be discontinuous segments which tend to '"reweld' to one another
after separation from the work surface. Carbide tool life is comparable to

that obtained in machining carbon steel.

Thus, beryllium, an extrcmely brittle single-phase metal is casily
machinable; therefore, its mechanical properties are of interest. The brittle-
ness of beryllium was attributed to a film of oxide at the grain boundaries
until relatively pure metal was found to fracture transgranularly at low stress.
Brittleness in beryllium is now known to be largely due to the fact that only one
crystallegraphic system of easiest slip exists in the hexagonal crystal, and

only about one-percent strain occurs before fracture (35). The easily operated
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slip system is in the basal plane. The only other slip system operating at
room temperature is in the (1010) prism plane, having the same slip direction
as the basal slip system, so that slip parallel to the c-axis does not occur in
either case. The remaining fundamental question is to what extent removal of
all impurities will increase the elongation and decrease the brittleness of

beryllium,.

The applicability of the brittleness mechanism of beryllium to other
metals is similar to that of second-phase embrittlement in cast iron: The
practicability of machining an extremely brittle metal is substantiated, but
the mechanism is not generally applicable. Sincethe embrittlement mechanism
involves either inherent or impurity controlled limitation of slip on all but onc
or two crystallographic planes, it appears that only a very detailed study of
each of many alloy types will lead to duplication of the behavior of beryllium

in machining,

E-3 Gaseous Internal Embrittlement

Many forms of gaseous embrittlement are known. Since they often
involve grain-boundary embrittlement and are sometimes subject to control
by heat treatment, they are particularly interesting in our scarch. Various
forms of hydrogen embrittlement will be discussed first (E~3.1) then, other

types of internal gaseous ernbrittlement will be listed (E-3.2).

E-.3.1 Ilydrogen Embrittlement

According to Rogers (36), the metals subject to HZ embrittle-
meni may be categorized as exothermic occluders and endothermic occluders.
The former are characterized by large H, solubility, definite hydride com-
pound formation, and a negative heat of solution which results in a solubility
decrease with increasing temperature. Exothermic occluders include
vanadium, titanium, zirconium, tantalum, thorium, and cerium. Endothermic
occluders such as iron, colbalt, coppcr and nickel have a2 lower H2 sclubility,
which increases as temperature increases. H, may embrittle metals by H,
attack, by hydride embrittlement or by the hydrogen embrittlement, as

discussed in the following paragraphs,
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E-3.1.1 Hvdrogen Attack

HZ. reacts with a second phase or high local concen-
tration of a minor element, usually at the grain boundaries. In silver, copper,
and low~carbon iron, HZ reacts with oxides to form water-vapor. The
pressure of the water vapor and the accompanying oxygen depletion result in
severe intergranular damage. In steels, HZ reacts with carbides to form
methane, producing similar damage. The magnitnde of embrittlement readily
attaincd in copper is such that a samplc of copper originally containing 0. 008
percent O2 had only 5000 psi tensile strength with zero elongation after

embrittlement.

E-3.1.2 Hydride Embrittlement

Many exothermic occluders form definite hydride
compounds internally, making the metal increasingly brittle with increasing
II‘2 content, decreasing temperature, and increasing strain rate. The hydride
in titanium alloys takes the form of platelets in the alpha phase or of a grain

boundary precipitate. (Note that this type of H, embrittlernent is essentially

2

a second-phase embriftlement. The categories of embrittlement used herein

wlo ) A o m e
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itrary, and ov
pure titanium containing 2.5 atomic percent HZ and cooled slowly to allow
maximum hydride precipitation has a notched impact strength of about 3 in.-lbs.
(Compare with the value of 55 in.-1bs for quenched titanium having the same
H_)_ content.,) The absorption of H2 by exothermic occluders is rcadily
reversible., For titanium, heating to about 1300°F in a good vacuum will

lower the H, content to < 100 ppm.

E-3.1.3 True llydrogen Embrittlement

This form, known as '"low-strain-rate embrittlement"
in the titanium industry, occurs in iron, steel, titanium and its alloys, and
vanadium. H2 must be present in the metal during the deformation which
reveals the embrittlement. The mechanism of the embrittlement is contro-
versial. Eustice and Carlson (38) propose that in vanadium, the embrittle-

ment is due to dislocation impediment in a critical temperature causing the
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yield stress to become nearly equal to the cleavage stress. However, a
different mechanism must operate in steels, since the yield stress is not
increased. Wkhatever the mechanism, the uniform tensile elongation of
vanadium at -40°C is reduced from 20 to about 0.5 percent by 800 ppm of
H,.

tantalurn are also susceptible to "low-strain-rate embrittlement' and any

According to Troiano {39), steels, columbium, molybdenum, and

of the interstitial elements, such as hydrogen, oxygen, carbon, nitrogen and
boron can cause it. Troiano proposes that hydrogen diffusing to the region
ahead of a crack tip reduces the cleavage stress of the crystal lattice. The

diffusion mechanism is plausible, since the embrittlement is not found at

high strain rates, which would require too rapid diffusion. As with the previous

embrittlement type, the absorption process is reversible.

E-3.2 Internal Embrittlement by Gases Other Than H,

Various gases react in the grain boundaries with metal or
segregated phases to produce damage analogous to that described above as
hydrogen attack, i.e. damage due to high pressures. One example is that
of oxygen in some of the refractory metals. Browning (40), states that a
""principal difficulty in fabricating tungsten and molybdenum by conventional
means is the severe embrittlement which occurs upon heating above the
recrystallization temperature.' It is believed that oxygen diffuses into the
grain boundaries and forms the oxide of the parent metal. Since the oxides
of the refractory metals tend to have high vapor pressures far below the
melting point of the metal, void formation and severe embrittlement occur,.

Oxide films at the grain boundaries also cause severe cmbrittlement cven at
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low temperature where the vapor pressure is not a factor. Particularly in
molybdenum and tungsten, oxide {ilm embrittlement is an important problem,
Goodwin (41) notes that the great importance of fine grain size in scveral
metals lies in the fact that the finer the grains, th(‘: greater the grain boundary
area over which impurities (including oxides) are spread, and the lcss is the

embrittlement.

In summary, the applicability of gaseous internal embrittlement

to various materials is good; sincc scveral types of gaseous embrittilement are
g ; YP g
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known and many metals are affected, such embrittlement processes might

be widely applicable. At least for some types of gaseous embrittlement, the
severity of the effect is good. Reversibility is good; many metals will take

up HZ at low temperature (e.g. in an electroplating bath) and will release

HZ at higher temperatures; others behave oppositely. Of course, the type of
gaseous embrittlement involving grain boundary damage would not be soreadily
reversible. Controllability is good, especially if the embrittlement can be

made to occur rapidly in the surface layer ahead of a cutting tool.

E-4 Low Temperature Embrittlement

Body-centered cubic metals such as iron, chromium, molybdenum and
tungsten exhibit an abrupt change from ductile to brittle behavior on cooling.
The hexagonal close-packed (zinc, cadmium), body-centered tetragonal (tin)
and body-centered rhombohedral {bismuth) lattices behave similarly (42).
The ductile-to-brittle transition is manifest by a change in failure mode from
"tearing' (shear) to cleavage or grain boundary fracture, and a very large
reduction in ductility as measured by several parameters. The transition
occurs in the temperature range where yield strength increascs rapidly with
decreasing temperature. According to Wells and Triplett {43) when the
yield stress becomes sufficiently high, the energy absorption due to plastic
deformation during crack propagation becomes almost nil., Thus, the
measured impact energy absorption below the transition temperaturc appears
to be simply a crack formation energy, while the value obtained above the
transition temperature is a sum of crack formation and propagation energics.
A factor affecting yield or fracture strcss will shift the transition temperature.
Increasing strain rate, which increases the yield stress, raiscs the transition

temperature markedly,

Certain embrittlement phenomena are revealed only by their effect upon
transition temperature. Temper brittleness in steels, believed to be due to
impurity segregation at prior austenite grain boundaries, is a case in point.
The increase in transition temperature (about 50° to 200°F) becomes signifi-
cant if the new transition temperature is above the minimum temperature of

actual use of the steel.
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Examples of decrease in impact energy absorption associated with the
transition from ductile to brittle behavior for notched bars are: 1020 steel,
120 ft-1lbs to 5 ft-lbs; molybdenum, 130 {t-lbs to 8 ft-lbs; chromium 118
ft-lbs to 1.5 ft-lbs (41). The temperatures of transition for the cited
samples were about 18°F for the steel, 550°F f{or the molybdenum, and 450°F

for the chromium.

In the case of low-temperature embrittlement, it is possible to get
some indication of the potential for "embrittlement machining' from existing
literature on low-temperature machining of steels. Pentland (44) noted that
in turning AISI 4340 steel, tool forces dropped irom about 500 lbs to 300 lbs
when the workpiece was cooled below 0°F, and the tool-chip interface
temperaturc dropped from about 1300°F to 1000°F on cooling from +100°F
to -100°F., Low-temperature brittleness in this steel could very well occur
below 0°F, and thus might account for the improved machinability. On the
other hand, Pentland found that the lowest of four cutting speeds produced the
greatest reduction in tool forces and interface temperature. This finding is

apparently contrary to what would be expected.

In an Air Force supported study, low-temperature machining tests were
performed with several high-strength alloys (45). Cutting speed and/or tool
life was increased 50 to 300 percent. Again, it should be pointed out that
cmbrittlement is only one of the possible explanations, and that systematic
investigations of the embrittlement mechanism and of resulting matcrial-

removal behavior have not been reported.

In summary, the generality of the low temperature embrittlement cffect
is fair; many of the alloys of interest arc susceptible, Its severity is poor,
but in conjunction with other embrittlement means, and considering the experi-
mental indications, perhaps adequate. If the use femperature is above the
transition temperature, reversibility is good. Because a surface layer or
area is readily cooled, the coutrollability of low-temperature embrittlement

schemes would be good.
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¥.-5 Surface Embrittlement by Liquids and Gases

In addition to the internal embrittling effects of gases, there is a type
of surface embrittlement caused by the mere presence of certain gases and
liguids on metal surfaces, in conjunction with stress. The effect is not fo
be confused with normal intercrystalline penetration by liquids or gases in
the absence of stress, or with surface reaction to form brittle compounds.
Both of these are more gross cffects than those of concern here. Rather,
the effects appear to be due to surface energy reduction by adsorbed atoms.
Rostoker et al. (46) have studied the subject of liquid-metal embrittiement
in detail and believe that various liquids and gases have the same effect as

liquid metals; therefore, we will discuss liquid-metal effects almost exclu~

<

sively. Inicrestingly, Rostoker ctcl. also s te as fellows: "'conceivably,
the use of liquid metals could improve the machinability of hard alloys; in

fact, the harder the alloy, the more effective the process should be. "

Perhaps the best known example of this type of embrittlement is thc
disintegration of internally stressed alpha brass in mercury. Rostoker ct al.
(46) also cite the following examples: steel embrittled at 1000°C by tin,
zinc, antimony and brass alloys; aluminum alloys embrittled by mercury,
gallium, sodium, tin, and zinc; titanium alloys embrittled by mercury and
cadmium. The magnitude of embrittlement is large; e.g. 4130 sicel at a
hardness of RCSO normally has an ultimate tensile strength of about 235, 000
psi, but when wetted with lithium the [racture strength is about 40, 000 psi.
The harder the material, the greater the reduction in strength and the lower

the absolute value of the fracture strength,

Crack velocity measurements have shown that liquid metal cracking is
sometimes a rapid process; e.g. crack velocity in 2024-T4 aluminum wetted
wilh mercury was about 300 in, /sec. However, the data on this aspect of the

phenomenon show much variance.

Rostoker et al. (46) proposed that the mechanism of embrittlement by
liquid metals consists simply of crack-surface-energy lowering by adsorption.
That is, in the applicable fracture mechanics equation for fracture ''nuclei”
formation, the effective surface energy (which opposes fracture) is greatly

reduced by adsorbed atoms. The nongeneral occurrence of the embrittlement
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{only a few liquid metals cause embrittlement in a given alloy type) is expli-
cable on the basis of surface energy relaticns, However, in fhe absence of
adequate surface energy data, it has been found that the factor which corrclates
best with embrittlement is mutual insolubility. Embrittlement is rot found in

couples having mutual solubility.

As supgested by Rostoker et al. many forms of stress corrosion may
operate by the mechanism outlined above. Examples include the cracking of
brasses in ammonia gas, of steels in sodium hydroxide and hydrogen cyanide,
and of magnesium in sodium chloride solutions, However, some stress
corrosion failures occur very slowly, suggesting differences in mechanism.

At any rate, various metals are subject to brittle failurc due to intcraction with

the environment,

The evaluation criteria apply as follows: The generality of liquid and
gaseous surface embrittlement is good; at lcast onc cmbrittling agent should
be available for most metals. Its scvcerity is fair; if the process requires
only very shallow penetration, severity is adequate. Reversibility is good in
the sense that the damaged surface would be easily removed mechanically or
chemically. The embrittlement is a surface or near-surface phenomenon;

therefore, its controilability should be good.

E-6 Radiation Embrittlement

Embrittlement of materials by nuclear radiation is known to occur and
is known to be reversible. Bombardment by particles such as protons,
deuterons, and alpha particles - or neutrons -~ appears necessary to achicve
useful rates. ! The artificial radicactivity introduced in the workpicce could
be a deterrent to the practical use of radiation embrittlement, Also, it
appeatrs that the embrittlement is not generally great cven with large dosages

of radiation. According to Billington and Crawford (47), the effect of

A more general discussion of material modification by neutron
irradiation appeared cn pp. 29-32 of the first Interim Technical Report.
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10 ¢ nvtl neutren irradiation on a carbon-silicon steel is to shiit the low

transition temperature for embrittlement from about 20°F to 130°F, with
little reduction in impact energy absorption. Billington and Crawlord also
mention the possibility of severe damage due to helium fission gas production
from boron segregated in the grain boundaries of a steel. Such possibilities

warrant further study.

E-7 Embrittlement Machining of Ceramics

The machining of unsintered or partially sintered ceramics was cited as
a basis for the idea of embrittlement machining in metals. However, the
shrinkage which accompanies the further sintering of machined parts severely
limits the applicability of this process. Elimination or near-climination of
post-machining shrinkage would constitute an order-of-magnitude improve-

ment in ceramic forming.

Of course, practical ceramics always fracture in an entirely brittle
manner at ordinary temperatures, and unsintered or partially sintercd
material fractures at low stress because the real area of contact and bonding
between grains is relatively small. In turn, the contact area is small because
the irregular particles making up the compact fit together very imperfectly

belore the shape adjustment and void-elimination processes of sintering.

To eliminate shrinkage, mcthods must be found for Jowering the {racture
strength after sintering without reintroducing voids. Such a method has been
discovered by Buessem and Marshall (48). In the course of a study of
dielectric ceramics, they found that hydrofluoric acid vapor changed alumina
ceramics to a weak, ecasily powdered material. Resintering the weakened

material resulted in strength recovery without appreciable dimensional change.

The mechanism of weakening appears to be the dissolution of impure
alumina at the grain boundaries. Apparently the actual volume of material
lost is so slight that no appreciable change in size occurs upon firing to

regain strength. It may bc spcculated that a suitablc "solvent' cxists for

lThe guantity nvt, the product of number of neutrous, their velocity
and total time, is a measure of total neutron flux,
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most commercial ceramics, since segregation of impurities in the grain
boundaries is the rule ralhcr lhan the exception. Further investigation with
a view toward commercial exploitation is planned according to Professor

Buessem (49),

Another possible means of embrittling ceramics involves the combined
effects of stress and liquid or gaseous environment. The mechanism of
embrittlement is thought to be the same (i.e., surface-energy lowering by
adsorption) as that which occurs in liquid metal embrittlement of metals.
Data are meager, but strength reductions up to 50 percent over a long-time
application of load have been found. The weakening, usually termed static
or atmospheric fatigue in ceramics, is apparently caused by water vapor in
ncermal atmospheres (50, 51). Further data on the cffccts of temperature
and composition are needed before the potential of atmosphe ric fatigue in

ceramic machining can be evaluated.

E-.-8 Recommendations

Several of the embrittlement phenomena examined are quite general,
severe, readily reversible, and adaptable to a controlled surface or "ahead-

c 3 .3
of-the-cuttin

1e~cuttin g-tool'" application. In particular, some types of hydrogen

embrittlement, liguid metal, and other "environmental' treatments appear

promising.

In view of the incomplete understanding of embrittlement phenomena and
ol machining processes, our studies must be supported heavily by experiments.
Also, a search will have to be made for appropriate mcasurcs of ecmbrittle-

mment that will permit evaluation short of actual machining tests.

The schemes for surface hardening and embrittlement by bombardmen®
discussed in Section 3.2 and Appendix D are particularly attractive candidates
for an experimental program. However, it is recommended thatl other

embrittleiment methods, e.g. by liquid metals, also bc investigated.

The effect of nuclear radiation on the brittleness and material removal
behavior of body-~centered cubic and face-centered cubic metals at various

memperatures and over a large range of strain rates also is worth investigation.
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APPENDIX F

DIRECT DEPOSITION PROCESSES

Directly deposited self-supporting structures and coatings arc formed
by continuously additive processes. The added units may be atoms, mecle-
cules, droplets, or solid particles. Thus, the physical state of the additive
may be gaseous, liquid or solid. A large number of basic processes and
variations have been used over the years, but exploitation and development

have been slow.

The types of structure produced by available direct deposition methods
are discussed with respect to mechanical property and configuration contro!l
factors, and ways of changing properties and controlling shape are suggested.
The discussion is only exploratory and is to serve as a basis [or and stimulus

to further project effort on direct deposition processes.

Process rates, although a very important factor in evaluating potential,
are not discussed at this time because they depend to a great extent upon the

nature of the desired product,

I’-1 Deposition Mcthods

Almost all direct deposition incthods fall into five broad calcegorics,

which are discussed in turn.

F-1.1 Growth from Melts

Any process by which single or polycrystalline mat:rials arc
grown with the growth interface in contact with molicn matcrial of the same
composition may be classified as growth from the melt. In gencral, the

techniques consist of:

a. "DPulling' a crystal slowly out of a mclt (Cuochralski

method).

b. Passing hecater rings horizontally over an ingol of matcrial

in a crucible, so that molten ''zoncs' pass slowly along.
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c. Passing hcater rings up over a vertically supported
ingot to producc a ''floating zonc™ of molten material

which is held in place by surface tension (no crucible).

d. Dropping molten droplets of material onto the top of

growing crystal (Verneuil or flame-fusion process).

The casting process, though topologically a growth-from-melt

process, is notof interest in the present discussion.

F-1.2 Growth from Solutions

Strictly speaking, all melts are solutions (since some impurity

level, however small, is always present), and we could consider the growth
of the solvent phase or the solute phase from a solution. Thus in what is
comnonly called "mell growth, " solvent-phase growth is the more proper
designation. However, we shall maintain separate categories, treating

solvent-phase growth from dilute solutions as melt growth.

Any means of causing a solid to precipitate slowly onto a
substrate or seed crystal from an appropriate solvent can be usced., Such
methods include cooling a saturated solution, electrolytic plating (in this
case, ions of a desired metal are reduced at an electrode to the metallic
state), and catalytic reduction. In the last-named process, reduction of
metallic ions is brought about by an added reducing agent through catalytic
action of the substrate surface. The so-called "clectrodeless' plating of
nickel in this manner is a much-used process. Nonmetallic surfaces can
be made catalytic to chemical plating by immersing them in certain ionic

solutions; e.g., palladium chloride solution for nickel plating.

The "hydrothermal' process for the growth of quartz and

other nonmetallic crystals is comprised of the following elements:

a. Action of water, heat, pressure, and a chemical
additive in dissolving the substance to be grown

(in an autoclave)

b. An appropriate seced crystal
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c. Control of temperature gradient in the solution so that
""feed'" material is dissolved in one portion and pre-

cipitated on the cooler growing crystal

¥F-1.3 Growth from Vapors

Thermal evaporation in a vacuum provides a stream of atoms

or molecules of the evaporant element or compound, Ceond=nsation will occur
on any cool surface in the vapor path. Atmospheres (in contrast to a vacuum)

tend to react with and scatter the evaporant. Vapor deposition is the term

generally applied to processes in which a volatile compound is carried in a

gas stream to a heated substrate, where pyrolysis and deposition of a constituent
of the compound will occur. Many metals, carbides, nitrides, borides, oxides,
and other compounds can be deposited in this way. A variation consists of
depositing one constituent of a compound of which the substrate is the other
constituent; thus, Si deposited on carbon produces a SiC coating. Heating

is necessary in the latter case not only for pyrolysis but for diffusion of

substrate material atoms to the reaction zone,

I*-i.4 Deposiiion {rom Suspcensions

Sufficiently fine particles of solid material can be suspended in
liquids and moved to the surlace of a substrate in a controllable manrner. In
spraying, thec liquid is broken into droplets and propelicd by gas streams or
mechanical forces to the substrate, where liquid is lost into the substrate or
the surrounding atmospherc. An clectrical charge may be imposcd upon
droplets and substrate to increase the efficiency of transfer of droplets to the
substrate,

In dipping processes, the wetting of the substra‘tc by the liguid
vehicle is relied upon to form a coating, or clectrophoresis may be employed.

Recently, high-velocity gas streams have been used to "'fluidize' beds of

particles where temperatures were too high for convenient liquid suspension.
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F-1.5 Hot Spraying

Various types of flame guns have been used in the past to heat

and/or mell particles, rods, or wires of metals and ceramic materials and

simulianeously to propel the particles or molten droplets to a subsirate surfacc.

The advent of plasma gun spraying has much improved the flexibility of the
process by raising available temperatures and by providing atmosphere (reduc-

tion-oxidation) control.

F-2 Factors Controlling Strength

Outlined below are the elementary factors which control the strength of
metals and ceramics built up by such processes as are mentioned above. The
outline provides a basis for the ensuing discussion of properties and configura-

tion control for each growth method.

F.2.1 Metals

F-2.1.1 Crystal Structure

1]

Ductilily in mctals is duc largely to the prescnc
line defects in the crystal lattice (dislocations). These defects can move under
the action of a shear stress of magnitude determined by atom sizes, packing,
and bonding, provided that impurities and grain boundaries are nol present.

I impurities, grain boundaries (or even a large number of dislocations) arec
prescent, dislocation motion is impeded and the yield stress thereby increased.

In the absence of all dislocations, grain boundaries
and surfacc flaws, shear flow will not occur at any stress prior to fracture.
Fracture will occur at extremely high stresses determined by crystal structurc
and bonding.

Obviously, conventionally produced metals exhibit
behaviors dominated by the impurities, grain boundaries and dislocations
present. However, it will be seen in the discussions of crystal growth that
crystals free of dislocations and flaws can be produced, do have high strengths,

and may therefore become of great imporlance.
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F-2.1.2 Impurities

Even uniformly distributed impurity atoms disturb
the regular crystal lattice and thereby impede dislocation movement {solid
solution strengtheningj. Clustered or precipitated impurities arc also
effective hardeners. On the other hand, an appreciable concentration of
impurities at the grain boundaries of a polycrystalline material is likely to

provide a path of easy fracture.

F-2.1.3 Porosity
Porosity has a large strength-reducing effect,
especially in rather brittle metals. The effect is much larger than can be
accounted for from the reduction of real cross-sectional area. For very
brittle deposits the fracture strength can probably he approximated by the

empirical equation

-t ~HF
S- A6 e
where S = fracture strength, psi
P = volume fraction porosity

= grain size in microns
/e, @, and # arc empirical constants
¢ = natural log basec.
This type of cquation was found by Knudsen (52) to fit many data on brittle
metals and ceramics., For example, a series of hot pressed chromium

carbide specimens had flexural strengths between 22, 000 and 55,000 psi.

Corresponding equation parameters were:

F = 10 to 0.6 percent

G = 6.5to 15.0 microns
= 228,000

a = 0.56

/.= 6.5to -4.6

F-5 NM-1559-P-3




b
I

F-2.1.4 Grain Boundaries

Grain boundaries impede dislocalion movement and !I
also lend to stop crack propagation. Thus, for most materials, the greater
the total area of grain boundary (i.e., the smaller the grain size) the greater ll

are both the yield and fracture strengths. Unfortunately, creep becomes an

important failure mechanism at high temperatures, and a large grain boundary Il
area favors creep. (Creep can occur by dislocation climb, i.e. dislocation
movement other than in zlip planes. Grain boundaries apparently provide !I
paths of easy climb at elevated temperatures.) For very brittle structures, :
grain size affects strength in a manner represented by the preceding equation ll
with "a'' approximately 0,5,
F-.2.1.5 Cold Work Il
Cold work or strain hardening is an important contributor il

to the strength of most cold-formed metal articles. The mechanism of strain
hardening involves the multiplication and interaction of dislocations. (A more Il

detailed discussion appears in Appendix G. )

iR

¥F-2.2 Ceramics

I’-2,2.1 Crystal Structure and Binding

Engineering ceramics do not cxhibit plastic flow at
temperatures much below their melting point because of the complex naturc of
their structurc and atomic binding. Factors militating against slip are the
structural complexity due to the presence of two or more ions unlike in sisc
and charge, and the prescnce of directional (covalent) bonds. Thcse factors

are minimized in cubic, highly ionic materials such as the alkali and noblec-

metal halides and MgO, which tend to show some ductility at room tempera-

ture, at least in single-crystal form.

[ ]

Tt might seem that the useful fracture strength of
engineering ceramics would be controlled by the atomic binding forces. How-

ever, binding forces are actually important only when nearly all surface and
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other flaws have been eliminated. Flaws thus constitute ""weak links'" in real
bodies. The nominal stress required to extend a flaw depends upon the stress
concentration factor due to flaw size and shape, and is "opposed" by specific
surface energy of the new surfaces formed by flaw (crack) propagation. Gascous
and liquid environments can lower the stress necessary for crack propagation
by adsorbing on the fracture surfaces, therehy lowering the effective surface

energy.

¥-2.2.2 Grain Boundaries and Porosity

These factors have an effect which can be described by
the Knudsen (52) equation given previously. Grains in the best commercial
bodies are less than ten microns in average size. It is thought that grain bound-
aries may limit crack propagation. Another strengthening effcct of small grains
is due to the minimizing of internal stresses due to thermal expansion anisotropy

in bodies composed of noncubic crystals.

F-2.2.3 Impurities

Small armnounts of impurity in solid solution have litile
effect. However, impurities in the form of glass at the grain boundaries tend
to weaken a dense body that would otherwise have rathcr perfect crystal-to-
crystal bonding. (e.g., a 99.5-pcrcent alumina body having a trace of glass
in the boundaries may have a flexural strength of 60,000 psi, while a 97. 6-percent

alumina body may have a strength of about 45, 000 psi.)

F-2.2.4 Surface Stress

Because the common mode of failure of ceramics is
surface tensile fracture rather than shear or compressive deformation, itis
possible to gain effective strength by treating parts so as to place all suriaces
under compression. Any applied tensile stress must then excecd the residual

surface compression before the surface actually experiences tension. The
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surface compression can be developed by rapid cooling as follows: the cooled
surface becomes rigid first and shrinks according to its thermal dilation
coefficient while the interior is still near melting and can therefore deform
viscously or plastically. The interior thus accommodates the shrinkage of
the surface to a degree without stress development. Upon continued cooling,
the surface reaches room temperature first while the interior still must cool
and shrink rigidly. Compression in the surface and tension in the interior
develop.

Another (little-exploited} method of achieving surface
compression consists of diffusing into the surface large atoms which expand

the crystal lattice slightly. Corning Glass Company has announced such a

process for application to ''glass ceramic' materials.

F.3 Properties and Configuration Control

F-3.1 Growth from Melts

F-3,1.1 Properties of Single Crystals

T'he atoms of a liquid arc very mobile, and those on

the growth surface of a solid in contaci with melt are thought to be only slightly

less so. Because of this ready surface diffusion, most of the atoms "solidifying"

are able to take up their proper equilibrium positions in the latiicce. In fact, the

calculated dislocation concentratlion for single crystals is only one dislocation
16,000 2
per 10 cm
form in large numbers even during slow-meit growth, and according to Howe
and Elbaum (53), groups of these vacancies cause dislocation formation unless
they are allowed time during growth to diffuse to surfaces. Shcar siresscs
between rotating ciystal and melt (in the Czochralski method of growth by
p:lling vertically) also appear to cause surface dislocation formation, and any

crucible growth method introduces many surface dislocations due to constraint

by the crucible.

Internal dislocations should also tend to arise from

. * . . . . “
thermal contraction strains, strains due to impurity concentrations, and

misorientations when dendritic growth occurs.

¥F-8 NM-1559-P-3

crystal area (53). However, it is known that lattice vacancics

- e N BN N O S A R W A

[~ B ]




GERL Cmam R ST

| R 1

T

N

SR | i

Howvie and Elbaum conclude that freedom from dis-
locations can be expected only in slowly grown whisker-size crystals, and this
is the observed fact. Whiskers of scveral compounds and metals have been
grown (many from vapor rather than melt) without detectable dislocations.

As predicted, these whiskers do not deform plastically. and if their surfaccs
arc nearly free of flaws, they exhibit tensile fracture strengths of up to about

6 percent of the elastic modulus (54).1 { ~ 1.9 million vsi for iron whiskers. }

It appears that monocrystals larger than whiskers
cannot be grown slowly enough to avoid vacancy group formation, and in turn,
dislocation formation. Thus, large metal single-crystals always contain at
least a few dislocations and tend to be among the weakest materials known.
Yield stresses below 30 psi are measured for pure zinc monocrystals, for
example. The reason for the extreme softness is, of course, that these
crystals lack all hardening imperfections, even the mutual interference

developed when many dislocations are present.

In another special category of single crystals, dis-
locations cannot move. These are the largely covalently bonded materials
such as certain oxides, silicon, metal carbides, and intermectallic compounds.
The dirvectionality and stren heoretical plasiic {low
stresses greater than the ultimate fracture strength (i.e., 5 to 10 percent ol
the elastic modulus). Gilman (55) feels that ''the ultrahigh-strengih materiais
of the future' have strengths in this catcgory. Hc has measurcd [racture
sirengths of about 500,000 psi in 1/16 sq in, monocrystal silicon "hairpins"
having carefully preparcd surfaces. Howeaver, he points ouf that thesc
crystals are perfectly britile {(they havc extremely high strength because they
are not ductile). Unfortunately, a brittle material is vulnerable to surface
damage by impact loads, surface scratches, and the like, so that it must be

protected with a ductile coating if high strength is to be oblained,

lThe elastic modulus represents the force 1equired Lo pull atoms apart.
When atomic bonds are stretched 5 to 10 percent, attractive forces are small.
Thus, as a first approximation, the ultimate possible strength of a solid is
5to 10 percent of the elastic modulus.




In practice, inmany ionic crystals (imany cceramics) dis-
location movement is observed or predicted at high stress, and, also, surface
flaws have been present in larger-than-whisker-size crystals that have been
tesied. Thus, measured fracture strengths are comparable to those cof dense,

line-grained polycrystalline bodies of the same compound.

To summarize the general mechanical behavior of
nearly perfect crystals, most metals, when free of dislocations and surface
flaws, show extremely high strengths, but can be produced only in small
"whiskers, ' according to reference {53). Most metals, when pure but con-
taining a few dislocations, show extremely low strengths.l Normally brittle
materials, especially those which have covalent bonding and nearly flaw-free
surfaces, can show extremely high strengths even when they have dislocations

that cannot move.

F-3.1.2 Properties of Polycrystals

As described above, special types of single-crystal
offer useful high (or "superhigh") strength possibilities, provided that their
surfaces can be protected. However, the straigthforward approach to useful
strengths by direct deposition is to duplicate existing polycrystalline alloys.
This approach, under study for ASD by American Machine and Foundary
Company (56) must involve control of grain structure and impurity distribution.
It is possible to control the level of soluble impuritics by controlling crystal-
pulling ratcs or zone passage ratcs in molten zonc techniques, by virtue of
the fact that a given impurity tends to bave a different equilibrium solubility in
solid and liquid solvent phases of the same nominal composition. Insolublc
impurities for dispersion hardening might be difficult to add in pulling or

zone-growth methods, but could be added readily in the Vernecuil process, in

lAn exceplion lo the "rule of extremely low-yicld strength i pure inctal
single crystals is the group of materials, especially tungsten and beryllium,

which tend to be brittle in ordinary forms. Pure single crystal of thesc materials

are more workable than less pure forms, but retain useful strength.
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which molten droplets are allowed to fall on the growing interface. Grain
boundaries might be produced in a grown material by vibratory (ultrasonic,

perhaps) disturbance of the growing interface.

¥-3.1.3 Configuration Control

The tendency in any single-crystal growth process
is for the fastest growing crystal faces to "grow out of existence, ' leaving
the slow-growing face to continue, as in Figure F-1. Use was made of this
phenomenon to grow long ribbons of semiconductor material suitable for
transistor fabrication, and other shapes would be possible (57). Growing
"branches' in certain crystallographic directions should be possible, but

probably not without boundary and dislocation introduction.

In vertical growth methods, cross-section size
depends on temperature, and pull or droplel rates so that cones and taperecd
cylinders are producible at present. When a crucible is present, the shape

of the ingot generally is that of the crucible.

Another broad control possibility exists in the realm
of electrical and magnetic ficlds, which might be used to shape ionic and
magnetically susceptible melts, respectively. In the event that defect-free

crystals become important, such '"'no-hands' shapec control would be necessary.

Another simple expedient by which "branching" might
be controlled is mechanical damage. Munute disturbance of a crystal surface
by a probe tends to cause a new crystal branch to grow. Mautual damage in
two crystals will causc them to bond together. The possibilily of introducing
motion in one or more directions and the use of shields or barriers to starve

certain sites was suggested earlier (58).

F-3.2 Growth from Solutions

F-3.2.1 Properties

Electro- and chemically plated deposits tend to be very

imperfect on the atomic level, in that they contain impurities and a high
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PULL DIRECTION

SEED l
CRYSTAL

MELT MELT
{a) FACES MARKED "x" ARE FASTER (b) DOTTED LINES MARK
GROWING THAN""y" FORMER SHAPE

MELT

{c) AFTER A CERTAIN TIME INTERYAL,
THE "x™ FACES HAYE VIRTUALLY
DISAPPEARED, AND GROWTH Will
CONTINUE PERPENDICULAR TO
THE "y" FACE

Figure F-1 NATURAL CRYSTAL GROWTH
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concenlralion of the various lattice defects, These imperfections and the
rcsidual stress which often develops causes platings to be hard. a feature
which is often beneficial where wear resistance is desired. Co-deposition
of elements to form solid solutions is readily possible in many cases. For
example, chemically plated nickel contains 5 to 10 percent phosphorus when

plated from a solution containing a pyrophosphate reducing agent.

Nonmetallic crystals grown slowly on seceds {e.g.,
quartz, rochelle salts) tend to be fairly perfect, but less so than melt-grown
crystals. The Armour Research Foundation has developed a series of
solutions from which polycrystalline (or nearly amorphous, as deposited)
coatings of various ceramics can be deposited.l Attractive properties, such
as good thermal shock resistance and adherence are claimed, but as in any

coating system, depend heavily upon thc naturc of thc substrate.

F-3.2.2 Configuration Control

The shape of electroplated parts is subject to some
control by electrode placement. Rectangular waveguides of closely controlled

internal di

am ormamdirals (fovima) wiilel
int 1L dimen O mandrels (tormsj) wmnich

mensions are produced by electroplatin
can subsequently be melted or dissolved away. The fabrication of accurate
external shape should be possible if deposition is made on the inside of hollow

forms.

Crystal growth from solution is particularly sensitive
to catalylic and "poisoning'' effects. The latter refers to adsorption of an
impurity on a growing interface with conscqucnt slowing of growth, It is
possible to visualize shape conirol by conirolled catalysis and poisoning since

both tend to occur prefercntially on certain crystal planes.

1, . . = .
"Solution Ceramics,'" Armour Research ¥Foundation, Brochure,

No Number, No Date.
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F-3.3 Grow+h from Vapors

F-3.3.1 Properties

Whiskers having extremely high strengths can be
grown by vapor deposition (their properties discussed in Section 5. 2.3.1).
Films produced on cold substrates by thermal evaporation tend to have less
than the theoretical maximum density due to thc instant immobilization of

atoms as they strike the substrate.

Pyrolytic deposition offers attractive properties even
though the anisotropy of pyrolytic graphite will be found in few other materials,
Graphites having strength, thermal conductivities, and electrical conductivities
which are anisotropic by two or three orders of magnitude have been produced
by vapor deposition. Pyrolytic hexagonal boron nitride was similarly pro-
duced. However, it should be remembered that materials having a high degree
of crystalline anisotrcpy are rare. In the long run, the importance of chemical
vapor deposition processes may be that dense, strong sections of almost any

material can be produced at relatively low temperatures.

F-3.3,2 Configuration Control

Control of thickness at a given point should be possible
by controlling gas flow to the area and/or the temperaturc of the arca. Lami-
natcs of scveral materials should be readily producible by vapor deposition.
Whiskers of A1203 having a '"core' of aluminum metal have been grown by

DeVries of the General Electric Company.

¥F-3.4 Deposition from Suspensions

IF-3.4.1

The products, such as sintered metal coatings on
ceramics, glass coatings on metals and ceramics, and composite coatings on

metals for oxidation protection, tend to be porous unless binders are present,
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or sintering/melting treatments are applied. FEven with sintering/melting
treatments, residual porosity is present. In one case (the sintered metal
coatings on ceramics used in ceramic-metal bonding), the porous layer

re.

provides a matrix into which a glassy bonding material on the '‘ceramic

side' and a metal braze on the ''metal side" can penetrate.

Deposition of mixtures of partficles which can be
converted into conventional or dispersion strengthened alloys appears to be
a more straightforward process by particle deposilion methods than by the
other deposition processes which have been discussed. Con*rel of deposition
by the action of electric fields on charged particles is, of course, a reality
in electrophoresis, but probably can be developed into a much more flexible

tool.

Progress in the fabrication of lathe tool inserts by
electro-phoretic deposition of boron-modified carbide coatings has becn
reported (59). The resulting material is porous but can be improved by hot

pressing.

F-3.5 Hot Spraying

F-3.5.1 Properties
Densities over 90 percent are obtainable in plasma-
sprayed ceramics, cven in tantalum carbide (melting point 7020°F). Spraycd
tungsten deposits cquivalent in properties to cold pressed and sintered material

are claimed by Singleton, et al. (60).

F-3.5.2 Configuration Control

Inherently, spraycd deposits will have the best dimen-
sional accuracy at their interface with the tool (external or internal). Tungsten
presents very difficult problems in fabrication by conventional means. For

this reason, the plasma spray deposition of tungsten structures on removable
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mandrels found early commercial use. Singleton, et al. (60) lists tlhie process

advantages as follows:

a. No size limitation
b. Wide range of shapes
c. Uniform properties throughout a section

d. Simple, low tooling cost
Similar considerations apply to ceramic structure

deposition by hot spraying. Norton Company has flame-sprayed A1203 on a

soluble form to produce large nose cones.
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APPENDIX G

APPLICATION OF DISLOCATION TIHECRY
TO DEFORMATION PROCESSES

This appendix summarizes theoretical investigations now in progress
on the application of dislocation theory to metal cui,i,ingl and forming.
Processes involving plastic deformation of metals and alloys are discussed
in relation to the roles played by the environment and by the characteristics
of the energy supply. Of particular interest are the effects which environ-
mental changes induce in materials by modifying the energy requirements.
Because the understanding and the access {o new analytical methods provided
by the study can open new avenues in the search for new processes, the
complete study will be released in a separate report. In that report the
discussion will be broadened to include high-energy-rale forming (e.g.,

explosive forming), wear, and friction.

The investigation rests on the hypothesis that plastic deformation of
crystalline bodies rcsults from the motion of dislecations and from inter-
actions originating from such motion. The principal factors involved in the
processes under consideration are (1) elastic limit and/or yield stress,

(2} strain and ultimate strength, and (3) strain rate and strain hardening.
These factors are related to the environment and to the energy supply through
a system of parameters, which in turn express the field cffects on the dis-
location mechanism. The parameters are either intensive or extensive,
Under equilibrium conditions the incremental changes in an intensive para-
meter will produce corresponding changes in the extensive parameters

according to the equation

(dej)= (c; )iy

Metal cutting is included in the discussion because the deformation
process in the shear zone is of interest.
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where (L{e is a column martrix of changes in extensive parametor-s,
{//ij is a column matrix of changes in intensive pavameters, and / . /\

is a matrix of compliances. Alternatively, of course, the intcractmns can

be defined by

(4iy)- (Rfe,‘/ X))

/ . it . e
where 'Qk J) (CJ fe) is the rigidity matrix. Modifications of the
environment or of the energy supply are reflected by changes in (Lj /e)

{or, equivalently, \'Q/E ))

The structure of the compliance matrix C_/' b reveals such properties

of the material as the following:
i}  Vectorial properties - (pyroelectricity and pyromagnetism)
ii) Scalar-tensor effects (thermal expansion)
1ii) Vector-tensor effects (diclectric permittivity)
iv) Tensor-tensor effects (electrostriction).

Sccond order effects usually introduce tensors of rank two or higher. (Consider,
for ecxample, the magnctocaloric cffect in ferromagnetic materials necar the
Curic temperature,) When steady state properties are considered, they arc

corrclated by a matrix equation of the type

(J)=(-¢ /3)("9’93)

VAR . . . .
where (J, ) 1sa flux vector, (V%),) is the gradient of the potential vector Y
and the matrix elements Coc P are material constants called conductancics,

The inverse elements c! = are resistivitics,
3 ., 4 ﬁﬁ,a

The conductancies and resistivities are tensor quantities forming tensors
of rank two and the products between these and the gradients are dot (scalar)
products. The tensors of this type occur in connection with heat flow, thermo-
electricity, Hall effect, thermomagnetic and thermogalvanic effects and

related phenomena.
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In thermodynamically irreversible systems, the relationships between
the parameters are not single valued (hysteresis presents an example).
Therefore, elastic limit, surain, sirain rate, etc., being of an essentially
irreversible nature, can nct be defined in terms of compliances, rigidities,
conductancies and resistivities. It is possible, however, to assess the effects
of dislocations on the equi'ibrium and steady-state properties. Conversely,
by manipulating either the intensive or extensive parameters, dislocations can

be caused by react according to their dependence on the property matrix,

G-l Metal Cutting

In metal cutting, energy required to remocve a unit volume of material
depends, as is well known, on the effective, or dynamic, shear stress and thec
shear strain. Energy consumed at the chip-tool interface usually represents
vnly a small fraction of the total cncrgy input. The energy consumption is
reduced by reducing either the dynamic shear stress, the shear strain, or the

frictional forces along the tool-chip interface.

G-1.1 The Nature of the Dynamic Shear Stress

he tool edge can occur
cither by plastic deformation or by fracture. Flastic deformation is obscrved
in face-centered cubic (fcc) metals at all temperatures and in body-centercd
cubic (bcce) metals above a certain critical temperature. Fracture is obscrved
in brittle materials such as cast iron and in bcc metals below the critical or

transition temperature,

1n fcc metals, three stages are recognizced in the stress-strain
curve, as shown schematically in Figure G-1. Stage I is a linear region of
small slope (the region of ''easy glide'), Stage II is a linecar work-hardcning
region of greater slope, and Stage IIl is an essentially parabolic region in

which work-hardening is strongly temperature dependent,

Work-hardening results from interactions between dislocations,
These interactions, which oppose dislocation rmovement, often take the form of

jogs, a form of discontinuity which arises when two dislocations infersect. With
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Figure G-1 SCHEMATIL STRESS-STRAIK CURVE FOR fcc METALS

increasing strain, the number of dislocations increases. Since the inter-
actions then become increasingly numerous, it becomes increasingly difficult
to produce further deformation. The classical mechanisim by which the multi-

urce meoedel, In thic

o 1 ]
L uircee oae

piication ii dislocativns is described is the Frank-Read so
model a dislocation line anchored at two poinis is bowced ouiward by the applicd
stress until a critical line tension is exceeded. Beyond this point the loop
expands spontancously until opposite portions of the loop combine, whercupon
the process repeats itself.

In fcec metals, the shear stress depends on the following

parameters:

aj Dislocation density

b) Local absolute temperature
c) Velocity of deformation

d) Jog formation energy

e) Eiastic constants of the mectal

Because of the rapid generation of loops from active kFrank-Read sources, the

third stage of work-hardening is established in the immediate vicinity of the
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lower boundary of the stationary deformation zone. At large dislocation
densities the interaction between dislocations becomes very preoncunced, and
considerable lengths of dislocations are annihilated. This mechanism competes
with the annihilation of point defects and results in the net release of thermal
energy. Heating of the deformation zonc is quite significant and affects the
elastic constants of the material. Therefore, the stress imposed on the zone
reaches a level at which no further hardening occurs. Actually, the stress

level decreases as the upper boundary of the deformation sone is reached.

Since such a process should be independent of the detailed
mechanisms taking place in any particular elementary neighborhood, the stress-
temperature curve exhibits essentially a linear relationship for pure metals,

the slope depending on the strain rate.

Addition of impurities of appropriate size or of clusters of
impurities introduces obstacles to dislocation motion. In this case the back
stress tends to deactivate the Frank~-Read sources, or increase the critical
shear stress on the source so that the dynamic shear stress shows less tem-
perature dependence. The net effect of such rise in the shear stress is the
reduction of the macroscopic shear strain. The resultant heating is about the
same, but the microscopic mechanism for the energy conversion is much more

complicated and even less understood than in the case of pure metals.

Reasonably detailed numerical calculations show that there arc
very few side effects which can be cffectively used to reduce the shear siress
in fce metals by a technologically significant amount. The case of bee metals
and alloys is much more complex. In general the role of precipitates and of
long and short-rang~ ordering has to be taken into accoun:. In quenched
solutions the impurity atoms can be assumed to be randomly distributed i the
lattice. "Their differences in size produce stresses which are dircctly propor.
tional to the local expansion and inversely propertional fo the cube of the
distance. Such stresses produce two kinds of action on a dislocation line.

The merit of the present theory depends greatly upon the detailed analysis of

cach individual case.
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G-1.2 An Interesting Mechanism

It is interesting to note that in ferromagnetic materials the
presence of dislocations influences such structure-sensitive magnetic propertics
as permeability, cocrcive force, and hysteresis loss. The effect of dislocations
on coercive force and permeability can be tentatively explained in terms of the
interaction between dislocations and the two-dimensional boundaries between
adjacent ferromagnetic domains magnetized in different directions. The
boundaries, known as Bloch walls, constitute a transition layer a few hundred
lattice constants thick, in which the direction of magnetization gradually changes
from one orientation to the other, Dislocations anchor the Bloch walls to a
certain extent. When a magnetic field is applied which favors the growth of one
domain at the expense of the other, the Bloch walls are not displaced as a whole
but only bulge out between the anchoring disiocations. At a certain critical field
strength (analogous to the critical line tension in the Frank-Read mechanism),
the wall is released from its anchoring dislocations in a mechanism known as a
Barkhausen jump. The critical field strength HC depends on the dislocation

spacing { according to the formula

_ v
He= % o

where ¥ 1is the wall surface encrgy, M is the magnitude of saturation magneti-
zation in both domains, M, isthe vacuum permeability, and & is a numcrical

factor, about 3.

Now the exact nature of the interaction between dislocations and
Bloch walls is not known. It is presumably of magnetic rather than eclastic
nature. The cnforced displacements of the Bloch walls exert a drag on the dis-
location. If these are piled up due to the obstacles, the back stress tends to
shut off Frank-Read sonrces. We postulate that by superposition of a modulated
magnetic field, which in metal cutting needs to be concentrated only in the cutting
region, dislocation mobility can be enhanced, thereby producing a reduction in
the shear stress, and thus making chip formation casier. The cffect may be of
significance especially for the machining of ultra-high strength ferromagnetic

alloys.
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G-1.3 Brittle Fracture in the Shear Zone

Although there is a dearth of data on cutting energy for materials
which possess low-temperature embrittlement, it is expected that brittle
machining requires less specific cutting energy. Work is in progress at the
University of Illinois on a brittle machining thcory based on the cleavage proces-
ses, Preliminary analysis shows that such a mechanism, when applied in metal
cutting, is operative in the pulsing effect of the cutting tocl. If the conjecture is
valid, then significani reduction of the cutting cnergy is to be expecied when the
tool oscillates at approximately 3000 - 5000 cps. Whether this phenomenon has
any relationship to the reported Fitgerald effect is not yet known. Consideration
of the influence of dislocations already present in the material shows that these
have very little effect on the propagation of the crack, even in previously work-
hardened material. The oscillatory effect essentially inhibits plastic relaxation
when the hydrostatic component of the strcss tensor is quite large. This is, cof
course, the case in metal cutting. It is,thereforc, expected that a flaking type
of chip would be produced, similar to the ''type one'" chip described by Ernst
and Merchant.

For reasons noted above, the shearing stress in the brittle
machining operation is practically independent of the initial dislocation density.
A similar conclusion has been reached analytically for ductile chip formation

and has been confirmed experimentally in copper and aluminum.

G-2 Forming

If a material is prone to brittle fracture at moderale strains and retains
this property to higher temperature, it cannot be formed vlastically by any known
conventional means. The viewpoint adopted in this investigation is to seek thosc
dislocation interactions which permit a large amount of plastic flow but which, av

the same time, inhibit fracture.

For cold-working operations, the limiting factor is the strain at which,
due to prior work-hardening, tae stress reaches the fracture level. "n this case
the arguments are based on Stroh's concept that the stresses from a pile~up of

dislocations can crack the material in the immediate vicinity of the pile-up.




Such cracks once formed will grow in a brittle manner provided that the
Griffith condition for crack propagation is satisfied and that there is no

plastic rclaxation around its apex to halt its propagation.

It is well known that microstructure and other metallurgical para-
meters influence the formability of materials. These factors influence the
dcformation process within the bulk of the rmetal, but they also have a very
important influence on the boundary conditions. The extent of such influence
depends, of course, on thc type of lubricant used and the surface properiies

of the forming tool.

G-2.1 The Flow Stress in Forming

In cold work, the shape of the stress-strain curve and the rate
of straining arc of fundamental importance. The relation of the flow stress
to dislocation mcchanisms is not understood well enough to identity treatments
capable of lowering the workhardening coefficient for many important
materials. For ferromagnetic materials the utilization of strong magnetic

flux, as described earlier, may offer some benefits.

There arc, however, some general ideas regarding the flow

stress, which are applicable to the forming process:

a) In the case of quenched solid solutions, as has already been
mentioned with regard to metal cutting, impurity atoms can be assumed to
be randomly distributed in the crystalline lattice. The impurity atoms ncar
the dislocation line excrt on it oscillating stresses. Thesc oscillating stresses,
of zoro mcan value, have a wavelength equal to the average distance between
the atoms and an amplitude proportional to the size factor of the impurity.
Impurity atoms on the dislocation line interact strongly with it to produce a
zigzagging dislocation line. Under the applied stress, the dislocation line
moves piecc by piece, leaving one solute atom after another, It continucs its
zigzagging course because the neighboring atom replaces the one just aban-
doned. It is expected that there exists a critical temperature below which the

flow stress rises sharply with lowering ternperature. Above this critical
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iemperature, thermal vibrations are large enongh to produce jumps from
atom to atom under a stress sufficiently large to overcome the long-range

interactions with the dislocation network.

b) Age-hardening solutions have a stress-strain curve which
exhibits the classical yield-point phenomenon. This fact suggests that the
impurities are attracted to the irnmediate vicinity of the dislocation. The
net cifect, in this case, is that the starting of the glide is more difficult
than its continuation.

If means can be devised by which the locking by impurities
can be reduced, the initial value of the flow stress can be reduced. High-
{requency pulsing, e.g., as noted in Section G-1. 2, at low femperature may
provide such a technique becausc it is advantageous to keep quenched solutions
dispersed. This method is summewhat difficult to apply, however, bhecanse
at high strain rates the briftle-ductile transition temperature is quite high,

and age hardening can readily occur.

G-2.2 Structural Phenomena at Large Strains
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Strains in indusirial ;
initial fiow siress has becn reached, grain boundaries prevent any large
amount of easy glide, Coherence between grains is maintaincd by scveral
plastic mechanisms simultancously acting in cach grain, i.c., the activity
cmbraces scveral slip systems, or slip plus twinning ¢cr martensitic trans-
forimation. DBecausc of the interactions belween grains, bonding movements
appear inmany grains even when applicd siress is in tension or shear, Theeo
movements are usually relicved by kink band, i.e., by plastic relaxatior.

If this rclaxation is notl sufficient, cracks will appear at the grain boundaries.

In the case of fcc metals, rapid build-up of Cottrell bar-
riers is a consequcnce of the simultaneous action of several glide planes.
These barriers, which are formed by the combining of two rhislocations and
their subsequent dissociation into relatively immobile partial disleccations,

produce a locking effect. As a consequence, the linear Stage ! and the

G-¢ NM-1559.-P- 3




parabolic Stage 1II of the stress-strain curve (Figure G-1) are obscrved
immediately. The linear stage is quite noticeable at low temperatures,
and the hardening rate is obtained by averaging the applied stress over
various active slip systems. The parabolic stage onsel stress decreases

rapidly with increasing temperature.
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